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SUMMARY
iii
The work reported in this thesis is concerned with the determination 
of the microwave characteristics and possible applications of Gallium 
Arsenide Field Effect Transistors at frequencies from 0.1 to 12 GHz.
In order to characterise these active devices with reasonable accuracy 
and consistency the microwave network analyser facility at Warwick has 
been expanded and developed to give a 2-port, computer corrected, scattering 
parameter measurement capability. The resulting system has been tailored 
to the particular needs of GaAs FET characterisation and assessment, by 
the inclusion of subroutines which enable gain and stability parameters 
to be displayed in addition to the corrected s-parameters.
Various transistor package styles and corresponding test fixtures to 
enable the active devices to be interfaced with the network analyser have 
been investigated. Since the device test fixtures have used microstrip 
rather than co-axial transmission lines special calibration routines and 
standards have been developed to enable the computer correction system to 
be employed for the measurements.
Numerous devices have been characterised with the facility developed and 
the results used to establish the s—parameter characteristics of GaAs FETs 
at frequencies up to 12GHz. This information has been used to compare the 
predicted performance of different batches and types of device and in the 
design of circuits used to assess the actual performance of GaAs FEJTs in 
certain applications, such as small signal amplifiers and oscillators.
Data on the effects of device processing and design changes on microwave 
performance have been fed back to the device manufacturer to aid optimisation 
of GaAs FET technology. Such measurements have shown the superior perform­
ance of aluminium versus nickel as a gate metallisation identified a weakness 
in electron beam fabricated devices and confirmed the advantage in using 
wider gate structures to lower impedances and simplify matching requirements.
S-parameter data for packaged FETTs has been used to design amplifier and 
oscillator circuits which have been realised in order to assess the
xv
actual device performance in these applications. A comparison of predicted 
and measured performance at 3GHz has shown reasonable agreement. A novel 
tuning technique on microstrip was used to produce amplifiers at X-Band 
using chip devices. Using this technique with one micron gate length 
FETs a high gain (>40dB) amplifier at 11.2GHz was fabricated which confirmed 
the suitability of GaAs FETs as amplifier devices for such applications 
as high gain microwave amplifiers in repeater systems. At lower frequencies 
the GaAs FET has been shown to give excellent noise performance and is 
superior in this respect to bipolar transistors. The oscillator circuits 
incorporating GaAs FETTs investigated exhibited two notable characteristics; 
good D.C. to R.F. conversion efficiency and poor noise and stability 
performance. The latter however, appears to result from the unoptimised 
nature of the circuits used.
In spite of some remaining unanswered questions, the overall conclusion 
from this investigation is that GaAs FETs, although relatively new devices 
(at the time of this study 1971-74) are useful solid state devices for 
numerous microwave applications. The importance of the GaAs FET in microwave 
systems has been underlined since the completion of this early study by 
the tremendous increase in activity in this field to the level seen today.
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■CHAPTER I.
INTRODUCTION
1.1. General
The development of growth techniques for the compound (III-V) semi­
conductor materials in the 1960's opened the way to a new generation 
of active microwave devices. Ify the end of the decade one of these 
materials, Gallium Arsenide (GaAs), was being employed in Transferred 
Electron or Gunn Effect diodes, IMPATT diodes and for microwave frequency 
transistors. These transistors which are field effect devices consisting 
of a Schottky Barrier gate electrode controlling the current flow between 
ohmic source and drain contacts have been the subject of this investigation 
and thesis. The use of Gallium Arsenide is vital to the high frequency 
performance of the device. The high electron mobility and high carrier 
velocity, coupled with the use of semi-insulating Gallium Arsenide as the 
substrate material means that the GaAs PET will outperform its silicon 
counterpart by a factor of at least two.
1.2. Material Technology
Gallium arsenide technology is however more difficult than that for silicon 
and the development of a good, reliable GaAs material technology has proved 
an important factor in the fabrication of the FET. At the Allen Clark 
Research Centre of the Plessey Company where GaAs material and devices were 
pioneered processes for realising both have been developed. The semi- 
insulating GaAs substrate material is generally produced by doping pure 
GaAs with chromium. Epitaxial layers less than one micron thick, which are 
required to give devices with low operating voltages and good RF performance, 
are grown using Vapour Phase Epitaxy (VPE). This technique developed at 
Plessey by Knight et al (l) is an arsenic trichloride system and a schematic 
diagram of a typical growth equipment is shown in Fig. 1.1.

This is an open tube gas flow system and has been developed for simplicity 
of use, the ease with which controlled amounts of doping impurity could be 
introduced to the growing epitaxial layers and its relatively rapid growth 
cycle.
Hydrogen is passed through a palladium-silver diffuser and on into a 
reservoir containing arsenic trichloride held at a controlled temperature 
below ambient. The arsenic trichloride is carried in the hydrogen stream 
into the first zone of the growth furnace where it reacts with the gallium 
arsenide source. This causes the formation of gallium chlorides which 
react with the excess arsenic in the system according to the equations 
below and gallium arsenide is formed.
6 Ga Cl + As^ 4 GaAs + 2 Ga Cl^
or 4 Ga Cl + Hg + As^5?4 GaAs + 2 HC1
Epitaxial growth on a gallium arsenide substrate placed in zone 2 can take 
place if the conditions within this zone are carefully controlled. If zone 
2 is held at around 900°C, the arsenic trichloride will cause gallium 
arsenide to be removed from the surface of the substrate. If zone 2 is 
held at around 750°C epitaxial growth will proceed. Ety adjustment of the 
temperature of zone 2, therefore, it is possible to change from vapour 
etching to vapour growth. This ensures that epitaxial growth can always take 
place on a clean surface. This particular facility is most necessary in 
order to achieve the desired surface finish on the very thin layers required 
for the production of Gallium arsenide field effect transistors. In order 
to produce epitaxial material suitable for device fabrication it is necessary 
to introduce a doping impurity into the layer. The doping levels required 
for the FET are typically 5 x  1 0 ^  — 10^ electrons/^om^. This is achieved 
by passing purified hydrogen over heated crystals of sulphur to form 
hydrogen sulphide which is introduced into the growth furnace upstream of 
the gallium arsenide source.
5
Careful control of the temperature of the dopant and the flow rate of the 
hydrogen carrier gas determines the dopant impurity level in the growing 
layer. Tin doped epitaxial layers have also been produced by using a 
GaAs source doped with the required amount of tin. The advantage of tin 
is a lower diffusion coefficient which leads to a higher interface gradient 
at the n/semi-insulating interface. Pig. 1.2.
Processes have also been developed for the growth of semi-insulating epitaxial 
GaAs. This material has been used as a buffer layer between the substrate 
and the doped active layer in the PET structure. This prevents diffusion 
of impurities from the substrate into the active layer during the epitaxial 
growth process which can degrade the electrical parameters of the layer.
To prevent contamination and unwanted doping during the growth processes 
strict controls of reagent purity and on the equipment environment are 
observed.
Following growth the GaAs wafer may be subjected to a number of character­
isation techniques before being processed into FETs. The most used of these 
techniques is the plotting of Carrier Density Profiles for the wafer i) 
information from which may be used to assess the suitability of the material 
for various device types.
1.3. Device Technology
Work on the GaAs PET has been in progress at the Allen Clark Research 
Centre since 1965- The original devices were produced using a diffused 
gate technology, but it soon became clear that this technology would be 
unacceptable for the production of high frequency devices due to the side­
ways spreading of the p—type zinc diffusant which limited the gate length 
to around two microns. However, the early results using this type of 
fabrication technology indicated that high frequency performance should be 
possible with suitably short gate lengths.

Since these early results, improvements in GaAs material parameters, 
the use of high resistivity buffer layers and of a Schottky harrier 
gate technology has led to the realisation of field effect devices having 
cut-off frequencies well into the microwave region.
Once the thin epitaxial layer has been produced, as described above, the 
fabrication of the FET is relatively simple compared to the complex 
processing technology of microwave bipolar transistors. The use of the 
Schottky barrier gate, a technology involving the use of a metal semi­
conductor diode as the control gate rather than the more conventional 
diffused gate diode, removed the need for any high temperature diffusion 
processes. The fabrication technology is thus reduced to two metal 
evaporation steps, one of In/Au/Ge alloy for the ohmic source and drain 
contacts and one of A1 for the gate electrode and one isolation etch stage. 
The simplicity of the process is reflected in the reasonable yields obtained 
for even the shortest gate length devices.
In order to obtain high frequency operation from these devices it is 
necessary to produce a transistor with very short gate lengths. Classical 
field effect theory predicts that the frequency of operation is given by 
the expression fc ocji/l where p is the mobility of carriers in the 
channel region and L the length of the gate. This is however, only true 
for gate lengths in excess of about four microns. In short gate devices 
the electric fields in the channel region are so high that carriers reach 
their limiting velocities and the maximum frequency of operation is then 
determined by the transit time of the carriers in the channel region and 
this is given by the expression f <x V^/L where is the limiting velocity 
of carriers (2 x lO^cn^Bec for GaAs) and L is the effective channel length. 
Conventional photolithographic techniques are used to define devices with 
gate lengths down to two microns. For gate lengths shorter than two microns 
a more sophisticated technology is required. One micron gate lengths have 
been produced by both ultra violet projection printing and electron beam 
exposure techniques (4,5) tout the limitations of the line resolution imposed
7
8by the use of ultra violet radiation means that the shortest gate length 
structure will always be produced by the electron beam technology.
At Plessey an electron beam exposure technology has been developed that 
enables one micron gate length devices to be readily produced. In this 
technology the ohmic source and drain contacts are produced by conventional 
photolithographic techniques and only the gate is defined using the electron 
beam. The gate areas are defined by scanning a focussed beam of electrons 
across the slice on which an electron sensitive resist has first been 
applied. Pig. 1.3.
In both the conventional and electron beam technologies a 'float off' 
metallisation technique is used for producing the gate areas. In this 
technique resist is developed out of the gate areas and left in place on 
the remainder of the slice while the gate metal is evaporated all over the 
slice. The excess metal is then removed by placing the slice in a suitable 
solvent in which the dissolving resist will 'float off' taking the unwanted 
metal with it. Metal remains only in the gate areas.
Immediately prior to evaporation of the gate metal an etching process is used 
to define the channel thickness of the PET. The etching time required is 
determined by the thickness of the existing epitaxial layer (as determined 
from the carrier profile) and the gate pinch-off voltage required. This 
additional process step enables considerable latitude in initial layer thick­
ness to be tolerated.
1.4. Assessment Techniques
After processing of the PET wafer has been completed the chips are subjected 
to visual inspection and electrical probe testing to sort good devices from 
failures. Failed devices typically exhibit faults such as incomplete gates, 
short circuits between electrodes or drain currents outside the acceptable 
range.
The resulting d.c. working PET chips are subsequently bonded into packages 
or mounted directly onto microstrip circuits for microwave assessment or
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amplifier applications. When assessing the microwave performance the 
key parameters used are the gain and noise figure of the device at the 
frequency of interest. While both these parameters may be determined 
directly by placing the device in a test system with input and output 
variable tuning circuits such systems have to be used with care to 
prevent ambiguous results.(6)
Further data is required to define the overall characteristics of the 
FET and for this purpose the 'scattering' parameters are normally measured 
as a function of frequency. From these s—parameters the potential gain 
performance and other information relevant to simplifier applications may 
be readily calculated. Since the s—parameters can also be related to 
intrinsic characteristics of the FET they are especially useful in 
comparing effects of processing or other changes between batches of devices. 
During the course of this investigation a means of determining s-parameters 
of microwave FEJTs in various package configurations has been developed using 
computer correction techniques for improved measurement accuracy.(7 ). From 
the s—parameter and gain data obtained information has been fed back to 
the device manufacturer to aid design and process optimisation. The 
application of devices in various circuits has also been studied to confirm 
s—parameter predictions and to explore possible uses of the low noise GaAs
10
field effect transistor,
CHAPTER II.
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CHAPTER II
TRANSISTOR CHARACTERISATION AT MICROWAVE FREQUENCIES.
2.1. Scattering Parameters
At frequencies in excess of 1GHz microwave transistors are 
usually characterised hy a set of 'black box' parameters known 
as scattering or S-parameters.
This set of parameters is analogous to the H, Y and Z parameters 
used at lower frequencies. The latter parameters are not normally 
used at microwave frequencies because they cannot be measured 
directly. This is because they are defined with the ports of the 
device open or short circuited. If such conditions are applied 
to microwave components the result is often instability and oscill­
ation which precludes sensible measurement of the device. It is 
also difficult to measure total voltages and currents required 
for these parameters and to establish exact test conditions i.e. 
short and open circuits over a broad range of frequencies.
The significant difference with S-parameters is that they are 
measured with the device ports terminated by the characteristic 
impedance of the test system, usually 50 or 75 ohms for co—axial 
systems. Even with devices capable of operation to frequencies in 
excess of 10GHz instability problems seldom occur with such term­
inations hence permitting characterisation of the device. With S- 
parameters the magnitude and phase of travelling voltage waves 
rather than total voltages and total currents are measured. 
'Scattering parameters' are so called because they relate those 
waves scattered or reflected from the network under test to those
waves incident upon it
13
The derivation of S-parameters and their relationship with 
H,Y and Z parameters is well covered in the literature H.P. 
Application Notes 95 and 154; K. Kurokawa 'Power Haves and the 
Scattering Matrix*; I.E.E.E. MTT-13 No.2 March 1965, and is not 
duplicated here.
In summary S-parameters offer the following advantages as a means 
of defining the performance of microwave transistors:
a) Using available equipment measurements can be made up to 
18GHz.
b) Instability and parasitic oscillation of the device under 
test is minimised because of the broadband nature and 
characteristic impedance of the terminations.
c) Swept frequency measurements may be made instead of point- 
by- point methods.
d) They are easy to use for microwave circuit design and directly 
reflect the microwave performance of the device.
2.2. S-Parameter Measurement Technique
To fully describe a 2-port device the following parameters need
to be determined with the device suitably terminated:
S11 - Input reflection coefficient - Erl
Eil
S21 - Forward Transmission -  Eo2
Eil
CMH
CO - Reverse transmission “ Eol
Ei2
S22 - Output reflection coefficient = Er2
Ei2
where E is the complex voltage, in (i), out(o) 
or reflected (r) at port 1 or port 2.
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The most common means of measuring these complex ratios is by 
the use of a Network Analyser System such as the Hewlett 
Packard type 8410. This unit is a dual channel receiver which 
performs the function of a ratiometer between two signals and 
then displays these complex ratios on an output device. When 
appropriately interfaced with the device under test it is capable 
of displaying the above ratios and hence S— parameters directly.(8)
The interfacing is achieved by the use of test boxes or more 
conveniently for transistors by the use of an H.P. 8746B S-parameter 
test set. In addition to providing the necessary signal paths 
and switching to allow measurement of all four S-parameters, this 
unit also includes bias networks for the device under test and 
an input attenuator to reduce the incident power to the test device.(9)
In addition to the network analyser and test set a source of 
microwave energy at the frequency of interest is required. This 
is usually derived from a sweep oscillator allowing S-parameters 
to be displayed over a range of frequencies.
2.3. System Calibration
Having assembled a network analyser system and set it up appropriate 
to the frequency range and parameter of interest it first has to be 
calibrated before an unknown device may be measured. This calibration 
is achieved by the use of ’standard terminations’. For reflection 
measurements (S^ and "the system is usually calibrated with a
precision short circuit in place of the unknown., With a swept RF 
input the system gain controls are adjusted to give unity reflection 
coefficient and the test box reference line adjusted for a constant 
phase of 180°. The system is then giving the of a perfect short 
circuit i.e. 1, l80°i
The device of interest may then be connected and its reflection co­
efficient measured. For multiport devices the ports not connected 
to the test system must be terminated with matched loads of the same 
characteristic impedance as the test system. A similar calibration 
is needed for transmission parameters (S^, but in this case the
output and input ports of the system are connected to give a perfect 
•through'. The system controls are then set to indicate the appropriate 
S-parameter indication namely 1,0°. This being completed an unknown 
device may be inserted and its transmission characteristics determined.
2.4. Calibration problems:
With a perfect network analyser system the above calibration procedures 
would be all that is required to obtain high accuracy, swept S-parameter 
measurements; however in practical test systems it is soon realised 
that this is not the case.
Calibration difficulties and measurement errors result from im­
perfections in the network analyser (type 8410A) indicator unit and 
the microwave components used to interface with the device under test.
The latter is the major source of error when measuring the S-parameters 
of 2—port devices such as transistors, and is due to the following 
factors:
a) Mismatches within the S-parameter test set and transistor test fixture.
b) Finite directivity of directional couplers.
c) Dispersive effects in the system.
d) R.F. switch and attenuator repeatability.
Other errors result from imperfections in calibration standards, frequency 
uncertainties of the microwave source and the effects of noise on the 
measurement system. The end result is that measurements are inaccurate 
and have limited usefulness. In the case of GaAs FETs differences in 
parameters between devices and their absolute values can be completely 
masked by measurement errors rendering device characterisation and
comparison impossible.
15
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2.5. Computer corrected S-Parameter Measurements
The accuracy of network analyser measurements can he vastly improved 
by the use of correction routines which take account of system im­
perfections. This correction process involves characterising a number 
of known terminations over the frequency range of interest and using 
the measured characteristics of these terminations to determine error 
parameters of the measurement system. The effects of these errors are 
then subtracted from subsequent measured data to give corrected S- 
parameter information. (10)
This procedure is only practical over a swept frequency range if a 
computer is used to control the system, make the measurements required, 
store the data, calculate the corrected parameters and display the 
corrected results. At Warwick University a system has been developed 
using a XDS Sigma V computer on-line with a Hewlett Packard (8410A)
Network Analyser to determine the S-parameters of GaAs PEN’S and amplifiers.
The heart of this system is the error model set up in the calibration 
process. The approach followed has been based on that due to Hand (LI) 
but modified to allow the use of optional calibration standards and full 
2-port correction without the necessity of physically reversing the 
device under test. Considering a simple two port system first for 
measuring PEJTs or amplifiers the test unit will consist of an ’unknown* 
port to which the input is connected and behind which two directional 
couplers sample the incident ( reference ) and the reflected (test) 
signal. In addition a 'Return' port is available to which the device 
output is connected. Switching allows the transmitted (test) signal 
to "be measured by a common receiver*
The error model set up in the calibration process includes the effects 
of the microwave test unit and also some of the errors due to the
network analyser,
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2.6. The Calibration Process
The calibration process involves making sufficient measurements with 
standards of known characteristics to determine the
error parameters. The various model coefficients are identified on 
the signal flowgraph of the system model Pig. 2.1. The S-parameters of 
the device connected between the unknown and return ports are 
represented by S^, S^, S^, S22 in the usual way. Using flowgraph 
analysis the following general expressions for the measured values of 
reflection (M^) and transmission (Up) coefficients are obtained:
“ r = e00 + S11 e01 (1  ~ S22 ®22^ + S21 S12 ®22 ®01 1.
1 “ S11 ®11 “ S22 e22 ” S21S12ell®22 + S11®11S22®22
= ®30 + ______________ S21 ®32____________________  2.
1 “ Sllell ~ S22e22 “ S21S12ell®22 + S11®11S22®22
Calibration measurements with standard terminations to determine the 
the error parameters are made as follows:
a) Reflection with a sliding load. The reflection as connected is
-repeated
measured and then ^ three times after being re-positioned by the 
operator. The computer then calculates the centre of the circle 
passing through these points so that effectively » 0. and
S^2 are also zero since the unknown and return ports are not 
connected. Prom equation (l)f
"l = ®00
b) Transmission without a through connection, both ports terminated. 
This sets = S21 = S12 = S22 = 0 and so from equation (2),
“2 = ®30
18
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d) Reflection with an offset short circuit of length 1 (approximately 
at midhand).
S,., = -e-j?1 T11 8
and S21 = S12 = s22 “
M4 = 6 00 + Ts e01
1 - T «...9 11
e) Reflection with a through connection.
321 “  S1211
= e
22
00 _r e22 ®01
1 " elle22
f) Transmission with a through connection. 
Sets as (e) Su  = S22 = 0 and S21 = S12
M6 = e30 + e32
1, so
1 “ elle22
These six equations can he rearranged to give the error parameters 
from the measured results. When solved by the computer this gives 
the required error model parameters:
eoo “ “l
ell = Tg (i^ - M3) + (1^ -
t s (m 3 - m4)
«01 (1 + TgHMj - M3)(M1
V m3 - V
'30
22
32
«2
“5 - ”l
eoi + (“5 - V en
“ <M6 - «2> " *ile 22>
After the calibration these six values are calculated and stored 
for use in correcting subsequent measurements.
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2.7. Device Measurement Process
With the unknown device connected reflection and transmission 
measurements are made and then the device is reversed and the 
two measurements repeated. From equations (l) and (2):
“r I - e00 + Slle01 C1 ~ S22e 22^ + S21S12e 22e01
where D^ = 1 
and =
+ S21e32
- Sllell "
e00 + S22®01
S22®22 " S21S12elle22 + SllellS22e22 
(1 ” Slle22^ + S12S21e 22*01
“T2 = ®30 + S12e32
D2
where D2 = 1 - S22en  - Su e22 _ s12S2ieiie22 + S22eilSlie22
2.8. Device S-parameter determination
After the measurement the computer solves the above equations for 
Sll’ S21* S12 and S22 U8in« the stored error parameter values.
The S-parameters are derived using an iterative process which has 
negligible error since an explicit solution to the expressions 
is prohibitively complex. The corrected S-parameters are stored 
after calculation so that they may be recalled in different display 
modes or dumped onto magnetic tape for subsequent analysis.
2.9. Two Port Correction Procedure
The necessity to reverse the device under test with the above procedure,
\
section 2.7» slows down the measurement process and with active devices can 
cause problems with bias supplies. To overcome these disadvantages a 2-port 
routine was developed by the authorbased on the previous procedure but in 
which the functions of the 'Unknown' and 'Return' ports are interchanged by 
switches within the H-P8746B S-parameter test set. Thus while the device need 
not be reversed some additional error parameters do have to be determined.
These are obtained by similar calibration runs to those described above. The • 
signal flowgraph representing the complete system is shown in Fig. 2.2. (a) and
are represented by Sn , S21> S12, S22. The properties of the test 
unit, plus some of the errors due to transmissions and mounting arrangemei 
are represented by the e-parameters, which are not assumed to be indepen­
dent.of the reference port. Flowgraph analysis results in the following 
general expressions for the measured values of reflection and trans­
mission coefficients:-
The s-parameters of ahy device connected between the two ports
M_ - e +
K  O O
+ SllCllS22e22
«X “
“ S21S12elle22
+ S22*11,SU*22'
I
12S21ell,e22' + ^ • l l ' 8! ! ^ *  .
The calibration process involves making sufficient measurements with 
standard terminations and under definable conditions to determine all 
of the e-pararoeters •
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’30
o =>2! Test
o
-o o-
e
n
e 3 z  < * r >
Port two
(a) Port one as reference.
eoi Tes+
(b) Port two as reference
FIG. 2.2. Signal flowgraphs of two-port system,
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Calibration
The calibration measurements involve the following:- 
(a) Reflection with a sliding load.
The computer measures the reflection three times, instructing the user 
to slide the load between measurements. It then constructs a circle 
passing through the three values and finds the centre of the circle. 
Thus
S11 " S21 S12 "  S22 "  0
Hence '
*1 " *oo’ 
(first port)
H.’ «■ e'1 oo
(second port)
(b) Transmission without a "through connection", both measurements ports 
terminated.
S21 “  S12 “  0
Hence
“2 “ e30* «2* " * *
(°) Reflection with a short circuit or off-set short circuit, 
c . -J2(U
11
Again,
, where l is the length of the off-set short circuit.
S21 '  s12 '  0
and it follows that
M, - e + **013 oo 1-Ae11
where
A - -e J for an off-set short circuit
A - -1 for a short circuit (t “ 0)
Similarly, for - -e~^2Sl , Sn  - S12 - 0
leads to
V oo
¿1. • » + A e01
ii
(d) Reflection with an off-set short or open circuit. 
Here
S21 "  S12
24
Hence
where
S11 "
_e-j23*
= e"j2e
for an off-set short circuit 
for an open circuit, where
6 ■* tan *(a>CZ ) .o
Be
M . » e + - 2 L4 oo 1-Be
11
B - -e"j2et
- e-j20
for an off-set short circuit 
for an open circuit
Similarly, for S22 « -e i2*1 ' or e“j2e'
and one obtains
S21 “  S12
B'e '01M. ' - e ’ + — -,---r4 oo 1-B e ^
(e) Reflection with a 'through' connection. 
Here
S,, - S„„ - 0, S „  « S,„ = e_jB*11 22 21 “12 
where l is the 'through' length
Letting L ■* e“-*Bi (L - 1 if l - 0)
leads to
M « e +5 oo
L  e22C01 
1 T 2
1_L * 11*22
and
V - .
(f) Transmission with a 'through' connection
Now S11 "  S22 "  0  *  S21 “  S12 “  e"jS1
where again l is the 'through' length
Hence
e30 +
32
and
1_L * 11*22
V  - *30 +
Le«'32
1-L *11,*22'
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The equations for M, •+- M, and M, * l o  1
the desired e-parameters:
Letting
can be solved to' give
X1 - M3 - M1
X2 - M4 - M1
X, - M, - M_3 4 3
X, *> M. “ M,4 5 1
X5 “ M6 - “2
it follows that: 
eoo
11
01
«1
AX^ - BX^
ABX.
XxX2(B-A)
ABX.
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22
32
l2<*01 * V l l >
X5 <1 - l2.u .22)
Similar equations can be obtained for eoo'* e^', eox'» e3o'* e22** *32** 
Different e-parameters are obtained for each frequency point and used by 
the computer for correcting all subsequent measurements at that frequency. 
Values for A, B and L are computed from information provided by the user.
Device Measurments
When a device of unknown parameters is connected to the system, 
reflection and transmission measurements are made at each port. Re­
writing the expressions for and :
M_ - e + K oo
Slle01 + «01*22 (S21S12 “ S11S22)
S21*32
** ’ + D
where D - 1 - Su en  - S22e22 - e11e22iS21S12-SllS22)
(3)
(4)
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Similarly,
V
° 2 2= e ’ + 22
OO
V S12‘■ e ' + 12 30 D
where D' " 1 " S22ell’
s?9em  + e oi e22,(S21Sl2_SllS22)
Letting Q “ S21S12 " SllS22’ iollows iron Eqns (3). ••(6) that
'11
21
22
S12 -
(MR-eoo)D 
*01
(Hj " e_)D
“ e22 Q
'30'
32
< V  - eoo’>D ’ 
t
*01
(Hr ’ " e3o,)D’
*32
- e22* Q
(5)
(6)
<7>
( 8)
(9)
CO)
An explicit solution to eqns 7 to 10 , although theoretically feasible, 
is unnecessary and an iterative method of solution is used, which has 
been shown to have negligible error. The procedure is as follows:
Initially set
S”  - "e *n - "t ®22 - V  S12 ■ V'11
Then:
(1) Calculate Q, D, D' from Sj^, S21, S22, S12
and the e-parameters.
(2) Calculate new values for Sj^> S2i> S22* S12 
as follows:
Sl l -
S2 2 -
(MR - *oo>D
'01
< V  - «■o'»'
V
- e22Q S21
(1<r - e3o)D
" e22*Q S12 ”
*32
<V ~ c 3q >»’ 
*32'
Return to (1)(3)
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This cycle is repeated until a convergence is obtained. >
The final values for S ^ ,  S21> S22 and S12 are the corrected 
S-parameters for the unknown device. '
Relationships Between Measurement Parameters
The relationship between the reading sequence of the 2-port 
correction programme and the measurement parameters is given below.
Programme Type of Device to Equation
K setting measurement be measured Parameters
1 S11
2 Su
3 S11
4 not usi
5 S22
6 S22
7 S22
8 not usi
9 S21
10 S12
11 S11
12 S22
13 S22
14 SU
15 S11
16 S21
17 S22
18 S12
19 S11
20 S21
21 S22
22 S12
sliding
load
sliding
load
matched termination 
matched termination 
Short-or offset short circuit 
offset-or open circuit 
offset-or open circuit 
Short-or offset short circuit
'Through'
Connection
Device 
under Test
M,
V
«2
V
M3
M4
M3*
M4
M5
*6
“s’
V
V
CHAPTER I I I .
X  m pleme ritat ion of on o n -lin e  
correction system.
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CHAPTER III
IMPLEMENTATION OF AN ON-LINE CORRECTION SYSTEM
3.1. Basic Requirements
In applying computer correction to microwave measurements the major 
problem to be resolved is the interfacing between the computer and the 
microwave equipment. At Warwick this was further complicated by the 
physical separation of the computer and microwave systems. The Sigma V 
computer was used because it was available on site, had ample computing 
power and was well supported with input/output and other peripheral devices. 
Various interface units to interconnect the Sigma V computer with the 
Hewlett Packard 8410A network analyser have been developed. A computer 
programme written in Fortran IV has been produced which handles the 
necessary calculations, control and display functions involved with 2-port 
correction measurements. (Appendix l)
3.2. System Interfacing
Interfacing to the computer can be divided into three basic functions.
These are:
1. Programme input commands and output display.
2. Network analyser control commands.
3. Data acquisition from network analyser.
The functions are implemented via cables connecting the microwave and 
computer rooms. A single multiconductor screened cable satisfies function 
(l) by enabling a Tektronix Visual Display Unit (VHJ) to operate remotely 
from the computer. This is used by the operator to control the execution 
of the programme and by the computer to output instructions and display data.
The functions involving the network analyser, 2. and 3, use ten twisted 
pair cables which also connect the microwave and computer rooms. The 
limited number of lines available has meant the adoption of techniques 
which maximise their use.
For instance by serialising 8-bit parallel data the information may be 
transmitted using a pair of lines rather than the eight otherwise required. 
The interface units required and their relation to the network analyser 
system are shown in the system block diagram Figure 3.1.
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3.3. Network Analyser/Computer Interface Units
a) SerialiBer
Converts the parallel output from the Hewlett Packard 5340A frequency 
counter into serial form and gives control commands to the counter.
This is achieved using 2 lines to the computer and the circuit shown, 
Figure 3.2. This consists of TTL and operational amplifier integrated 
circuits to decode control and clock pulses received at connector CPR.l 
and to output status and data information at connector CPR.2. In use 
CPR.l is connected to an analogue output of the Sigma V computer. A 
negative voltage results in the generation of counter control commands 
HFD and DAC via Op-amp 'A*. (12) Positive voltage
pulses are routed through Op—amp •B* to produce clocking pulses for the
sérialiser,
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FIG. 3.2. Parallel to serial data
convertor circuit diagram.
;
,
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The operational amplifiers 'A' and 'B* are connected as high gain 
comparators with input overload protection and series diodes for 
noise immunity. A further Op-amp- is used to buffer outputs to connector 
CPR2 which is connected to an analogue input of the computer. The 
status (DAV) of the counter is transmitted as a positive output while 
data pulses are negative going. Clamping diodes across the buffer 
output ensure the - 10V input limit of the analogue input is not 
exceeded. By using analogue rather than digital ports of the computer 
each line carries two sets of information distinguished by polarity. 
Routines within the computer programme determine the amplitude (nominally 
± 5V) plus timing of the counter interrogation signals and read the 
returning data.
b) Programmable Voltage Source
This unit generates the precision tuning voltage for the microwave 
source to select the required output frequency. The tuning voltage may 
be varied from +3 to +73 volts, the normal sweep oscillator ramp range 
in one millivolt steps. This interface was custom built by a commercial 
company for use with the automated network analyser system. Three lines 
from analogue outputs of the computer connect to the unit. Pulses 
received on one line are counted and increment the output voltage when 
a 'transfer' pulse is received on a second line. The third line is used 
for a 'reset' pulse which sets the output back to the starting voltage. 
This starting voltage i B  normally +3 volts but is switch selectable to OV 
if desired. (1 3 )
c) RF Unit Selector
Selects the appropriate sweep oscillator unit for the frequency of 
interest as instructed by an analogue signal from the computer. The 
sweep oscillator units, mounted in the Hewlett Packard 8 ^ 0 ^ A  Multiplexer 
unit are selected by a BCD coded input. A discrete component analogue 
to digital converter was designed and built to generate the required BCD 
code from a single analogue input signal. _ Figure 3.3 •
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A m u  «011* U M i n  U n U . 1 .  A M « A M r s O - l  »  t o  C AT H U U O U  F I  •Snout
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C —  s-o • - - 3. - - 4-0 - i  o  - - Pit. 3-4
©  ~  Tl - - - *♦ - - t o  - a-4 - • PI* 4*7
Fig. 3.3. RF Unit selector interface circuit.
Thus one line and output from the computer handles the frequency- 
hand selection.
d) Buffer Amplifiers
Two 741 operational simplifiers connected as d.c. amplifiers with 
voltage gains of ten times serve to amplify and Buffer the analogue 
outputs from the network analyser. Amplifying these outputs before 
connecting them to the co—axial lines improves the noise immunity of 
the system and the resolution which can he obtained from the computer 
analogue inputs.
e) S—Parameter Selector
This interface is similar to the RF Unit selector (c) in that a single 
analogue output voltage from the computer is converted to the necessary 
3-hit binary code to select the S-parameter to he measured.
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3.4. System Operation
In order to achieve repeatable and accurate measurements it is essential 
that each time the system is used a number of requirements are satisfied.
For instance:
1. The microwave, interface and computer parts must be correctly 
connected and set up.
2. The system must be stable and not subject to drift.
3. The computer programme and peripheral units have to be loaded and 
functioning correctly.
In view of the complex nature of the computer corrected system, where 
possible steps have been taken to reduce the possibility of errors occurring 
during setting up which could lead to erronious data and wasted measurement 
runs. To this end the interface units have been designed, where possible, 
to allow them to be left permanently connected to the microwave equipment. 
When not connected to the computer the system automatically reverts to the 
manual operating mode. The microwave network analyser units are also 
permanently connected so that the only major setting up required is that 
associated with the system gain and the S-parameter test set. The latter 
may require adjustment of the Reference Channel length depending on the 
nature of the device under test. Figures 3.4 to 3.6.
With the final system the only action required to link the microwave system 
to the computer is the patching of the interconnecting lines to the 
computer input f out put ports and the connection of the multiway V1XJ cable, 
both operations being carried out in the computer room. To minimise thermal 
drift in the microwave equipment it is switched on and allowed to stabilise 
preferably for at least an hour before attempting measurements.
Provided there are no problems with the computer the correction programme 
is loaded, usually from magnetic tape and a second data tape to receive 
data from the programme when measurements are made is installed in the tape
unit

PIG. 3.4.
Network analyser test station at Warwick University.
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PIG. 3.5.
Block diagram of front view of network analyser showing interconnections
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FIG. 3.6.
Block diagram of rear view of network analyser showing interconnections
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On running the programme a message is displayed on the VHJ to confirm 
that the required data tape is correctly in position. In operation the 
computer performs operations as instructed by the operator via the VHJ 
and its input keyboard. A set of instructions for two port correction, 
with typical responses is shown Figure 3.7.
The questions appear on the screen one at a time and after each one the 
computer waits until there is entered on the keyboard either a number 
followed by a 'carriage return' or a 'Y' which is automatically completed 
to a 'YES' on the screen, or an 'N' which is likewise completed to a 'NO'.
The answer is stored and the next question appears. The various procedures 
in the calibration routine are identified by the 'K' values 1—1 5 , which 
facilitates the repeating of any particular stage. This can be effected by 
typing 'N' in response to a question, whereupon the VHJ displays 'TASK?'
The typing of 'SK' at this stage permits a repeat run corresponding to any 
particular selection of K, which is then entered. The full set of options 
available under 'TASK?* is shown in the list of Figure 3.8which is displayed 
on the inXJ in response to typing the letters 'Ll*. The subsequent entering 
of any of the listed letter pairs will permit the related function to be 
accomplished.
In addition to responding to prompts from the computer the operator is 
required to connect the required calibration pieces and finally the device 
to be tested. If any of the measurement runs are suspect they may be repeated 
by the use of the 'TASK?' instruction.
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2-PORT FULL CORRECTION PROGRAM
ARE AMPLIFIERS IN USE ? TYPE Y OR N YES
WAVEGUIDE OR COAX - TYPE W OR C "  COAX
LENGTH OF OFFSET SHORT CPI. - 1.0
IS JOYSTDC IN USE ? TYPE Y OR N NO
NO. OF POINTS PER READING 10
TIMING INTERVAL (N 0.01 SEC). N - 30
INPUTS TAKEN FROM POLAR DISPLAY OR PHASE GAIN UNIT
TYPE LOG. LIN. OR POL POL
CENTRE BEAM WHILE TYPING ANY CHARACTER k
MAXIMUM FREQUENCY (GHZ} = 2.0
MINIMUM FREQUENCY (GHZ) -1.0
NO. OF POINTS « 5
MINIMUM FREQUENCY SET UP
CORRECTION TO FREQ. IN MHZ - N.N
CORRECTION TO FREQ. IN MHZ = 0
K-1 CONNECT MATCHED LOAD''YES
K=2 SLIDE LOAD* «YES
K-3 SLIDE LOAD* 'YES
K=4 SLIDE LOAD* 'YES
K-5 CONNECT MATCHED LOAD''YES
K=6 SLIDE LOAD*'YES
K-7 SLIDE LOAD'»YES
K=8 SLIDE LOAD' 'YES
K=9 FWD TRANSM 2 MATCHED LOADS "YES
K-10 REV TRANSM 2 MATCHED LOADS»'YES
K-11 S/C ON PART 1 *'YES
K=12 OFFSET SHORT ON PORT 2"YES
K-13 SHORT CIRCUIT ON PORT 2 "YES
K-14 OFFSET SHORT ON PORT 1 • »YES
K-15 CONNECT THRO LINE*»YES
NEW DEVICE? •»YES
IDENTIFY DEVICE &  TERMINATE WITH CR 
TEST RUN ONLY
K-19 CONNECT DEVICE"
Fig. 3.7« Instructions for 2-Port Correction
! TASK (TYPE LI FOR LIST 
TASK OPTIONS - TWO LETTER 
LI LIST OPTIONS 
BG RESTART CALIBRATION 
SK RESET K (SEE BELOW) 
CA CALCULATE
DI ENTER DISPLAY 
UD UNDUMP READINGS
CO INSERT COMMENT
AM RESET AMPLIFIERS
WA WAVEGUIDE OR COAX.
JO JOYSTICK SWITCH 
MF CORRECT MIN FREQ 
TI RESET TIMING INT 
DC DISC FILE CLEAR
OF OPTIONS) »•
KEYS REQUIRED 
ZE RESTART PROGRAM 
RE REPEAT LAST READING 
ND GO TO NEW DEVICE 
PR PRINT 
DU DUMP READINGS 
ST RELEASE PROGRAM 
CE CENTRE BEAM 
IN RESET INPUT TYPE 
CL DEFINE CALIB PIECES 
FR RESET FREQ RANGE 
NO RESET NO. POINTS 
TP UPDATE TAPE FORMAT
SETTINGS FOR K IN SK OPTION
K-1 CONNECT MATCHED LOAD ON PORT 1
K=2 SLIDE LOAD
K=3 SLIDE LOAD
K=4 SLIDE LOAD
K=5 CONNECT MATCHED LOAD ON PORT 2 
K-6 SLIDE LOAD
K=7 SLIDE LOAD
K=8 SLIDE LOAD
K-9 FVfD TRANSM 2 MATCHED LOADS
K-10 REV TRANSM 2 MATCHED LOADS
K-11 SHORT CIRCUIT ON PORT 1 
K-12 OFFSET SHORT 1 ON PORT 2 
K-13 SHORT CIRCUIT ON PORT 2 
K-14 OFFSET SHORT 1 ON PORT 1 
K-15 CONNECT THROUGH LINE
K-19 CONNECT DEVICE
Fig. 3.8. 'TASK* Operations
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The results of the measurement run may be displayed in various w a y s  
on the VIXJ, printed on a line printer or stored on magnetic tape for 
subsequent processing and analysis. When measuring a number of devices, 
as is the case when assessing parameter spreads, it is desirable to 
complete the measurements as quickly as possible to avoid errors due to 
equipment drift. In such a case the data would be dumped to magnetic tape 
immediately and subsequently recalled for assessment.
The effectiveness of the correction routine may be seen from the results 
for a known device such as a through connection between the test ports.
The corrected and uncorrected reflection and transmission amplitudes, (S.^, 
and resPec'*;lvely) f°r a through line are shown Pig. 3.9.
Prom the uncorrected (connected)points corrected values of unity trans­
mission and zero reflection are obtained. Similarly Pig. 3.10 shows the 
uncorrected and corrected phase angles.
While such results with known devices are impressive it is the application 
of the same technique to unknown elements enabling them to be fully assessed 
which is the important feature of computer corrected network analyser systems.
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CHAPTER IV
TRANSISTOR TEST FIXTURES
In order to assess and compare packaged devices suitable test fixtures 
are required. These fixtures need to satisfy a number of requirements:
a) The device source must be efficiently grounded.
b) Devices must contact consistently.
c) Reference planes must be definable.
d) Good microwave performance.
e) Ease of device changing.
Often compromises have to be made because of differing package styles 
so that not all the requirements can be met.
4.1. TeBt fixture parameters
a) Source Grounding
In the usual package configuration the source is the common 
terminal of the PET. For measurement and many application 
purposes the source contact of the PET must be connected directly 
to ground by as low an impedance path as possible. If this is 
not done the device parameters or the performance of a circuit 
will be degraded. With a packaged device problems arise from 
the common source inductance which is ever present. This is
made up principally of three parts.
1. The source bond wire inductance.
2. The inductance associated with the package common terminal.
3. The inductance of the package grounding arrangement.
Factors 1 and 2 are determined and fixed in a particular package 
however, 3 can be minimised by suitable mounting configurations.
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b) Contact consistency
When various devices have to he measured for comparitive purposes 
or the same device has to be remeasured it is obvious that a 
sound contact must be made between the package leads and the 
fixture each time. Any loss due to poor contacts will degrade 
the measured S-parameters and if variable device to device will 
make performance comparisons difficult if not impossible. It 
must also be appreciated that from device to device contact 
between the package leads and the fixture must be at the same 
point otherwise phase errors occur. At 10GHz with an alumina test 
fixture if a device is incorrectly positioned by 0.1mm then an 
error in phase on a polar plot of over 5° will result.
Precision positioning and contacting to the device under test is 
thus required. The situation can be eased slightly by the use 
of low dielectric^substrates or air line which reduces the 
effective electrical lengths of positioning errors.
c) Reference plane definition
Unless reference plane positions can be accurately defined in 
the measurement jig the system calibration will be in error and 
so will any subsequently determined device parameters. It is 
vital that the system calibration is adequate if sensible measure­
ments are to be made.
The reference plane positions are usually defined using 'standard* 
terminations such as precision short circuits and through connections. 
It is however, often difficult to realise such ideal calibration 
terminations in a fixture designed to receive a transistor package 
and alternative terminations or calibration procedures may have to 
be found. With all microwave transistor test assemblies, calibration 
of the system and the establishment of reference planes is the most
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difficult yet vital requirement since all other measurements 
hinge on it.
d) Microwave performance
While error correction routines can remove effects of microwave 
shortcomings in test fixtures where possible these should be 
avoided. To this end transitions between co-axial and microstrip 
lines and to transistor packages need to be optimised to keep
VSWR*s low. Also where connections between the test fixture and 
measurement equipment are to be made precision connectors such as 
APC—7 should be used.
With a through line installed the transistor test fixture should 
have the lowest possible insertion loss and VSWRs. Similarly 
with no device in the fixture the isolation between the input ports 
should be high, preferably> 20dB if significant errors are to be 
avoided in the reverse transmission of devices.
e) Ease of device changing
In order to compare performance of devices from different production 
batches it is necessary to characterise several devices from each 
batch. It should therefore be possible to remove and insert devices 
into the test fixture relatively easily to minimise measurement time. 
This reduces the possibility of errors resulting from drift of the 
measurement system between calibration and test runs.
In practice even with fixtures which enable devices to be changed 
quickly the actual time taken by the computer controlled network 
analyser to fully characterise a transistor over an octave band­
width will be less than that required to change transistors!
4.2. Package styles and test fixtures used
During this investigation GaAs FETs have been evaluated in the 
following packages.
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1. TO-72, conventional 4-lead transistor can.
This package which is usable up to about 1.5GHz has been 
employed for low frequency device assessment and applications. 
The device S-parameters were measured using a commercial 
test fixture made by General Radio who also supply appropriate 
through and shorted lines for calibration purposes.
2. Leadless Inverted Device (LID) package.
An early microwave transistor package the LID is usable to 
A* 10GHz and has been used extensively for the character­
isation and comparison of one micron gate length FETs.
For assessment of LID packaged devices a purpose built 
fixture was developed from an unmachined Hewlett Packard 
type 11608A transistor jig. Fig. 4.1.
Two substrate and ground plane configurations were produced 
for use in this to enable the scattering parameters of LID 
devices to be measured. The substrates were fabricated from 
0.023 inch thick Polyguide (€r = 2.32) copper clad dielectric 
material and have 50°hn> impedance input and output lines 
which taper at the ends to form contacts for the gate and 
drain pads of the LID package^ 14) On one substrate (type A 
Fig.4.2) the source pads of the LID are grounded by a large 
pad on the surface of the substrate which wraps round the 
edge of the dielectric to contact the ground plane on the back 
while on the other (type B, Fig.4.2) part of the brass ground 
plane passes through a hole in the substrate to provide a more 
direct ground for the device source contact (Requirement a).
The transistor jig lid was modified so that when closed a 
single silicon rubber pad holds the LID device in position 
on the substrate. The source contact end of the package is 
accurately positioned by a locating slot in a metal plate 
attached to the substrate surface. The S-parameters of the 
transistor mount were measured over the frequency range 8-12GHz 
for each substrate with a through line in place of a LID device. 
The VSWR of either port was ^ 1.35 and "the transmission loss 
<0.4dB.
Initial measurements using both substrate configurations revealed 
that the direct grounding configuration (Substrate type B) 
reduces the magnitude of the reverse transmission, S^2, of the 
device under test and this leads to an increase in the 
maximum stable gain (!£&).
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PIG.- 4.1.
Hewlett Packard Transistor fixture,
modified for LID packages.
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FIG.- 4.1.
Hewlett Packard Transistor fixture,
modified for LID packages.
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FIG.- 4.1.
Hewlett Packard Transistor fixture,
modified for LID packages.
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PIG. 4*2. LID package test substrates 
and package configuration.
At 12GHz the improvement in the MSG is typically 3dB.
Apart from the degradation of due to the extra source 
inductance the other S-parameters of devices measured at 
X-Band with both substrate configurations were very similar.
After the above preliminary measurements the direct grounding 
configuration was adopted permanently in this LID test 
fixture for subsequent use.
3. Microstrip Studded Package, P103.
Because of inadequacies of the LIB package especially at 
higher frequencies various alternatives were studied. A 
commercial package the P103 met this need and was adopted 
for packaging GaAs FETs.
Being a new package with a threaded stud no commercial test 
fixtures existed for this and it was not compatible with 
existing designs. A simple, but effective measurement 
fixture design was produced for this device using 0.25 inch 
aluminium backed Polyguide substrates to which SMA coaxial to 
microstrip connectors were bolted. The P103 package dropped 
into a flat bottomed hole in the substrate and was held in 
place by a nut on its threaded stud.
For calibration purposes a second substrate, shorter than the 
first by the package size, with a through microstrip line 
was used. The P103 package and its test fixture is 
superior to the LID due to better source grounding and 
greater isolation between input and output ports. All the 
test fixtures were used with the computer controlled network 
analyser for device S-parameter characterisation. In 
addition a number of other special units were produced for 
package experiments. A fixture to allow the direct comparison 
of LID and P103 packaged devices is shown. Fig. 4.3.
FIG. 4.3. Polyguide test fixture for the
comparison of LID and P103 packages.
For calibration purposes a second substrate, shorter than the 
first by the package size, with a through microstrip line 
was used. The P103 package and its test fixture is 
superior to the LID due to better source grounding and 
greater isolation between input and output ports. All the 
test fixtures were used with the computer controlled network 
analyser for device S—parameter characterisation. In 
addition a number of other special units were produced for 
package experiments. A fixture to allow the direct comparison 
of LID and P103 packaged devices is shown. Fig. 4.3.
FIG. 4.3. Polyguide test fixture for the
comparison of LID and P103 packages.
For calibration purposes a second substrate, shorter than the 
first by the package size, with a through microstrip line 
was used. The P103 package and its test fixture is 
superior to the LID due to better source grounding and 
greater isolation between input and output ports. All the 
test fixtures were used with the computer controlled network 
analyser for device S-parameter characterisation. In 
addition a number of other special units were produced for 
package experiments. A fixture to allow the direct comparison 
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For calibration purposes a second substrate, shorter than the 
first by the package size, with a through microstrip line 
was used. The P103 package and its test fixture is 
superior to the LID due to better source grounding and 
greater isolation between input and output ports. All the 
test fixtures were used with the computer controlled network 
analyser for device S-parameter characterisation. In 
addition a number of other special units were produced for 
package experiments. A fixture to allow the direct comparison 
of LID and P103 packaged devices is shown. Pig. 4.3.
PIG. 4.3. Polyguide test fixture for the
comparison of LID and P103 packages.
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CHAPTER V.
CHARACTERISATION OF LID PACKAGED GaAs FETs.
In applying computer correction to LID packaged devices it was first 
necessary to optimise the test mount and then realise a suitable 
calibration process. Having done this PETs of different types were 
characterised and information on relative performance and parameter spreads 
fed back to the manufacturer to enable devices and processes to be improved.
5.1. Test Mount Optimisation
As described in Chapter IV alternative substrate configurations were 
considered for use in the LID mount. The direct source grounding method, via 
a ground plane pedestal, was finally adopted and the performance optimised 
with this structure. In order to minimise coupling between the input and 
output microstrip lines their ends are chamfered where connection is made 
to the gate and drain pads of the LID package. With a through shim of 
identical width to the microstrip line in the mount the microstrip to 
co—axial transitions were tuned with the screws provided, for minimum 
discontinuity as displayed on a Hewlett Packard time domain reflectometer 
(TDR) system. The through performance of the optimised mount is shown 
Figure 5.l.(a). The effect of discontinuities in the test mount is shown 
in plot (b) which is the result of using a wire bonded through LID package 
in place of the shim. Although the TDR gave useful information regarding 
the test mount its resolution was inadequate for determining the precise 
electrical lengths needed for the calibration procedure.
These were subsequently determined by precise VSWR measurements using a 
slotted line and a 3GHz microwave source phase locked to a crystal 
oscillator to ensure frequency stability.
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c Open circuit 
LID mount
Wire bonded 
through LID
Shim through 
line
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Distance, lOmn/div.
Pig: 5.1. TDR plots of LID test mount, empty 
and with through devices.
5.2. System Calibration with LID Transistor Fixture 
The calibration process utilises options included in the correction 
programme specifically for such test assemblies where a finite length 
of through line is needed and open as well as short circuit terminations 
may be required for calibration purposes. (l5).In order to keep the programme 
general microstrip lines as well as co-axial systems are described in 
terms of electrical length rather than physical lengths. Where offsets are 
being realised on microstrip it is therefore necessary to calculate the 
electrical length or determine it by independent measurements. With the 
LID fixture, calibration was affected by executing measurement runs having 
connected the following:
a) LID mount with through shim and co-axial sliding load.
(3 measurements for each poil;)
b) LID mount empty (2 leakage measurements)
c) Open circuit LID mount as (b).(2 reflection measurements)
d) Offset short in calibration fixture (2 reflection measurements)
e) Through shim in LID mount (2 reflection, 2 transmission measurements).
Prior to the above calibration runs appropriate information is given to the 
computer regarding the calibration pieces. In this case the 'open circuit' 
reference plane option is selected and the fringing capacitance value (0.03pP) 
keyed in.
The relative offset length (-2.3nun) of the short circuit in a similar 
fixture to the LID assembly is also entered. The length of the through 
connection in the LID mount is small and usually neglected. This v a t  done to 
allow ready comparison between LID devices measured before and after the 
option was added to the programme. The small systematic error which results 
is considered acceptable in most cases. If required this error may be 
eliminated by recalling test data stored on magnetic tape and recalculating 
the results including the effective length of the through line.
Following the calibration runs the LID mount with the through connection 
is normally measured as the first ’device under test' to check that every­
thing is functioning correctly and to enable measurement consistency 
between runs to be monitored. Having removed the through shim LID packaged 
GaAs FETs may be carefully positioned in the mount, biased as required and 
measured. The device parameters may then be dumped on magnetic tape or a 
print out of the S-parameters and calculated gain performance obtained from 
the computer, via a line printer.
5.3. LID Packaged Transistor Test Results
During the course of this research programme several tens of LID devices 
were characterised using the test fixtures and computer corrected measure­
ment facility described. Not all the data obtained will be presented, but 
only examples to illustrate the reasons for making such measurements and 
the results obtained. Such measurements are made to satisfy the following 
requirements:
a) Determine device S-parameters versus frequency and other conditions.
b) Enable amplifier performance to be assessed from S-parameter predictions.
c) To compare p e r f o r m a n c e  when developing new devices and processes.
d) To determine parameter spreads and device consistency.
e) Obtain data required for subsequent application of the devices.
Host measurements have been made on two types of Gallium Arsenide FET 
having gate'lengths of 2 p j a and 1 pm. These devices have similar geometries 
to the devices subsequently offered commercially by the Plessey Company 
and designated the GAT 2 and GAT 3 respectively. Fig. 5.2.
In addition to the gate length the GAT 2 and GAT 3 differ in gate width and 
in the technique used to define the Schottky barrier gate contacts. These 
differences can be summarised as follows:
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Fig. 5*2. Photographs showing CaAs FET contact geometries.
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Device number GAT 2 GAT 3
Gate length (nominal) 2 microns 1 micron
Gate Width 360 microns 120 microns
Gate defined using Photolithography Electron beam
Useful to 6 GHz '-s/12 GHz
The technology of GAT 3 devices is complicated by the use of electron 
beam exposure of a suitable photoresist coating to achieve the micron 
gate geometry necessary for achieving operation through X-band frequencies.(5) 
The same metallisation schemes are used for both the GAT 2 and GAT 3.
Since the GAT 2 is somewhat easier to manufacture with higher yields this 
device has been used to assess and optimise modifications to the fabrication 
procedure while measurements on the GAT 3 have been aimed at determining 
and improving the high frequency performance of GaAs FETs.
A typical set of broadband, 1.0 GHz to 10 GHz S-parameter results for a 
LID packaged GAT 3 device are shown in Figure 5.3 . The input and output 
impedances and Sggi at low frequencies are high and decrease as the 
frequency rises, particularly the input impedance which at 10GHz approaches 
the characteristic impedance (50 ohms) of the measurement system. The 
forward transmission of the FET, although changing in phase, remains 
almost constant in amplitude (unlike a bipolar HF transistor). The peak in 
the for LID packaged devices is due to the influence of the bond wires 
used to connect the device chip to the package. The reverse isolation S12 
for this device increases steadily with frequency upto 8GHz and then climbs 
much faster, again due to parasitic effects associated with the LID package 
and its bonding. Because these parasitic effects dominate at higher 
frequencies the LID package has generally been restricted to device assess­
ment and applications below 8 GHz.
388B/EB/LID/1
Fig:. 5«3* Broadband S-parameters for LID
packaged QaAs FET (GAT3)
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In order to obtain the above data and Smith plot (Fig.5-3)four separate 
runs of the computer corrected network analyser were required. The corrected 
results from each run, Tables5.1 to 5.4 also show the gain and stability 
parameters for the device an a function of frequency yielded by this 
measurement system. The gain parameters enable ready assessment of the 
amplifier performance of a device and hence facilitate the comparison of 
devices manufactured in different ways.
5.4. Comparison of Different Device Types
Data shown in Table 5.5 is typical of the comparitive information obtained 
on numerous device batches using the computer corrected measurement system.
In this case the results are for two batches of GAT 2 and GAT 3 devices.
Where a reasonable number of devices have been assessed the Standard Deviation, 
as well as the mean values of the scattering, gain and current parameters is 
shown, to give an indication of the variation in performance between devices.
Line (l) is the result of 4GHz measurements on a typical aluminium gate 
GAT 2 batch (417A) and shows S—parameters of the expected amplitude and 
phase with a predicted gain of about 9dB. ThiB is followed in line (2) 
by results for devices (Batch 419A) of identical geometry, but having nickel 
gate contacts. The S—parameters for these devices show considerable 
differences in both amplitude and phase compared with (l) and have signific­
antly lower gains of around 5»5dB» The interest in nickel gates and the 
above measurements waB an attempt to increase the KF burnout resistance 
of the GaAs FET. It had been shown that using metals such as nickel in 
place of aluminium in Schottky barrier mixer diodes burnout characteristics 
were improved.. (16) Since the failure mechanism for the Schottky
gate of the FET was believed to be similar an equal improvement was hoped 
for. 'Spike* overload measurements on single stage amplifiers did in 
fact show an improvement in burnout resistance however other amplifier 
measurements also confirmed the lower gain of the nickel gate devices. The 
noise figure of these devices was also found to be degraded.

Table 5-2. Scattering and gain parameters 2.0 to 4.0GHz
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Table 5-4. Scattering and gain parameters 8.0 to 12.0GHz
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Nickel was finally abandoned in favour of aluminium in order to achieve 
the highest possible gains and low noise performance. The first set of 
GAT 3 data, line (3) is for a batch of devices which has a low S,^ and 
consequently poorer than average unilateral gain at 4 GHz. Because the 
GAT 3 device is only conditionally stable at this frequency the maximum 
available gain is infinity and not a useful parameter. Comparison of the 
GAT 2 and GAT 3 S-parameters, lines (l) and (3) shows the latter having 
higher input and output impedances, and §22* reverse transmission
is greater and the forward transmission lower for the GAT 3. These 
effects are all compatible with the smaller overall geometries of the higher 
frequency one micron gate length GAT 3 device.
F o r  both the GAT 2 and GAT 3 (or any GaAs PET) the parameter which shows 
the greatest variation is the saturated drain current, Idss. This arises 
from the dependance of *d s s on cu )^e channel thickness:
oc a ^  where a = channel thickness. Since a is the order of a micron 
small variations resulting from uneven epitaxial growth or subsequent 
etching of the n-type channel layer result in large drain current variations. 
Fortunately as can be seen spreads in microwave parameters do not follow the 
large current differences. The variations which do occur can, to some 
extent, be reduced by operating devices at the same drain current, 20mA in 
the case of line (4) by applying the appropriate negative gate bias.
Line (5) is the results for a more typical batch (398a ) of GAT 3 devices 
also measured at 4GHz and biassed at IDSg. Comparing with line (3) the S21 
is higher and the Unilateral Gain better by 1.6dB. The remaining S—parameters 
show excellent agreement between the two device batches which is consistent 
with material rather than geometry differences affecting performance. The 
slightly inferior performance of batch 390C can be related to the lower n 
carrier mobility of the epitaxial GaAs layer an the wafer used to fabricate
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these devices,
The consistency of S-parameters shown between batches of devices is 
remarkable when one considers that the active part of the device is only 
4 x 120 microns in area with a 1 micron metal gate stripe deposited in the 
middle. On the GAT 3 device the electron beam defined gate stripe runs 
off the mesa area and has an aluminium bonding pad deposited over it. A 
problem with this process was identified from measurements on two devices 
from batch 398A, not included in the above results. Initially these devices 
were thought to have been damaged during bonding since the drain current 
could not be controlled by gate bias and the S-parameters (Table 5.6) 
corresponded to a lossy bilateral device, Since no physical
defects could be found the devices were carefully probe tested. The gate 
diode characteristic was found to appear only after the application
of positive bias such that a forward current flow of about 10mA occurred.
This current 'bum-in' fused the gate metallisation to the bonding pad over­
coming the initial lack of electrical contact. After this *bum-in' the 
devices performed normally both d.c. and RF wise as shown by the S-parameters.
In order to prevent recurrence of this problem changes were subsequently 
made to the device fabrication process which ensured that an intimate 
contact was established between the gate and its bonding pad.
Returning to Table5t5 lines (6) to (8) show results for the same GAT 3 devices 
as lines (3) to(5) but measured at 8GHz. As expected the input and out jut 
impedances are lower than at 4GHz. Both the forward and reverse transmissions 
and show slight increases, the latter arising from matching effects 
due to the LID package and associated bond wires.
While the S—parameters at Ijjgg ? O T  Doth device batches, lines (6) and (8) 
are still very similar the g u n  differences for MAG and U are much greater. 
Devices from batch 39&A are obviously more suitable for operation at 8GHz 
since their predicted gains are almost twice that of devices from batch 590C .
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TABLE 5.6.: S-PARAMETERS OP GAT 3 DEVICE WITH POOR
GATE CONTACT TO WIRE BOND PAD.
Device No: 398 A/EB/LID/9
Comments Frequency
(GHz)
S11
Mag Phase
S12
Mag Phase
S21
Mag Phase
S22
Mag Phase
Initial testing 4.0 .99 -15.1 .064 70.1 .069 74.8 .90 -19 .8
rDSS * 58mA 8.0 .96 -36.2 .132 49-2 .138 50.6 .84 -52.6
After 'bum-in' 4.0 .79 -34.7 .060 73.6 .90 119.7 .92 -21.4
rDSS = 51mA 8.0 .39 -69.4 .089 78.8 .96 68.1 .83 -45-4
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This illustrates two important points:
i ) Small S-parameter differences significantly affect device simplifier 
performance.
ii) Calculation of gain parameters as part of a computer corrected 
measurement system is an important aid to device comparison.
Results similar to those discussed above were obtained for numerous 
other batches of devices mounted in LIS packages. This information was 
fed back to the device manufacturers and contributed to the optimisation 
of the fabrication process since effects of process changes could be 
readily assessed against the resulting FETs performance.
CHAPTER 2 1 .
Pqrafne+ers of devices in 
otVier packages.
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CHAPTER VI
PARAMETERS OF DEVICES IK OTHER PACKAGES
6.1. ’Studded* (PlOj) Package Measurements
As discussed in Chapter IV a pair of microstrip test circuits were 
produced specially for the characterisation of P103 packaged devices.
These are shown in Pig.6.1 and consist of one substrate machined to 
accept the threaded stud of the P103 packaged device under test and a 
second with a through 50 ohm line for calibration purposes.
As with the LID devices measurements were made using the 2-port full 
correction programme and the options included in it for different 
calibration standards. In this case calibration was effected using the 
two polyguide microstrip circuits plus a coaxial SMA shortcircuit.
Precision VSWR measurements were used to establish the offset length of the 
short relative to the open circuit reference plane as -2.4mm. Similarly 
the open circuit capacitance of the empty test jig was determined as 0.02pF. 
After selecting the ’open circuit’ reference plane calibration option and 
inputting the above data the following calibration measurement runs were 
executed:
a) Through substrate with co-axial sliding load.
(3 measurements for each port)
b) Empty P103 test substrate (2 leakage measurements)
o) Open circuit P103 substrate, as (b). (2 reflection measurements)
d) Co-axial (SMA) offset short (l measurement for each port).
e) Through substrate. (2 reflection, 2 transmission measurements).
After calibration the through substrate was usually measured as the first 
'device tinder test’ and the results displayed to check the operation of 
the Bystem before connecting active devices.
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GaAs FETs in P103 packages "to be characterised were inserted into the 
test substrate and held in position by a nut on the threaded stud. Contact 
between the package tabs and the transmission lines was maintained by the 
spring action of the tabs which were bent slightly towards the stud before 
insertion.
6.2. P103 Packaged Device Test Results
Results for various devices at spot frequencies taken from swept frequency 
measurements are shown in Table 6.1. The first five sets of data is the 
result of comparative measurements on experimental devices made during one 
system run and hence sharing a common set of calibration conditions. This 
removes any possible effects due to small errors arising from separate 
calibration and measurement runs being carried out at different times.
The first device (l) is an electron beam defined gate GAT 3 device similar 
to those characterised in LID packages. Comparison with Table 5«5*(line 3) 
reveals that S^, S12 and S22 are very similar to the LID packaged equivalent. 
Significant differences in phase angles are observed, but these are to be 
expected due to the larger physical size of the P103 package and hence the 
positioning of the reference planes. The larger and gain parameters of 
the P103 packaged device at the frequencies shown is only partly due to the 
package and mainly reflects the better performance of the device chip used.
The following set of data (2) is for a later version of the GAT 3 device, 
identical in size and geometry, but having a photolithographically defined 
gate electrode. Improvements in photolithographic and sub micron mask 
techniques had made this possible, simplifying the processing of high 
frequency GaAs FETs. The similarity of the S-parameters and gains for both 
types of device, which was confirmed with other device measurements, 
established the validity of the photolithographic process.
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This process was subsequently adopted for the production of GAT 3 devices 
as well as being used for experimental devices of new geometries. Data 
for three such devices is shown in lines (3). (4) and (5)» all of which 
were wide (360 microns) gate devices. Ry increasing the width of the 
gate it was hoped to produce FETs with lower input and output impedances 
which would be easier to match in amplifier circuits, especially for broad­
band operation.
Results for the first device (3) show that this objective is realised,
S.^ and are lower compared with the GAT 3 and and are increased.
The latter increases are also expected for the wide device. The overall 
gain available from the device both HAG and U have however been degraded.
Two ways of recovering the gain were considered, (a) by reducing the gate 
length and (b) by reducing the ohmic contact (source and drain) resistances 
through the use of an n+ contact layer.
Characterisation of half micron gate length devices (4) revealed that 
rather than increasing the gain with a reduction in gate length further 
degradation had occurred. This effect is due to the increased series 
resistance associated with the shorter gate length. No attempt had been 
made to keep the gate strip resistance the same or to minimise it with the 
result that the losses increased more than the improvement in gain. Considering 
the gate as a Btrip of dimension 0.5 x 0.2 x 36C^ im its series resistance can 
be calculated from:
R = pl/A where p « specific resistance
1 = length
A « cross sectional area
Talcing p = 2.62 microhms/cm. cube for aluminium yields: R = 94.3 ohms
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Before the importance of the gate resistance was appreciated an initial 
F F T j
batch of n+ contact^had been produced and a sample assessed (5). The 
performance of these devices was again poor and the S—parameters varied 
wildly compared to normal devices (3). In this case the poor performance 
and S—parameter variations were believed to be due to a processing 
problem, namely incomplete removal of the n+ layer between the source and 
drain contacts before the deposition of the gate.
In order to reduce the effect of the gate resistance an alternative 
geometry having two gate strips of half the total width was investigated.
This geometry was adopted for the commercial GAT 4 device and when 
successfully combined with n+ contact technology gave the commercial GAT5.Fig 6 . Í
The last two sets of data in tableé-/, (6) and (7) illustrate the low 
frequency S-parameters of production GAT 1 and the above geometry GAT 4 
devices in P103 packages. It can be seen that at frequencies of 2 GHz 
and below the impedances of the GAT 4 again are very high making matching 
difficult.
6.3. Relative Performance of Packages Investigated.
The high frequency (>4GHz) performance of various packaged GaAs FETs has been
described in chapters V and VI. Lower frequency (l-2GHz) measurements were
also carried out to assess the relative performance of the LID and TO-72 
package and to obtain S-parameters for subsequent amplifier circuit design. 
Table 6.2 summarises the measured S-parameters for both types of package when 
used with FET chips from the same production batch (Batch No. 343C). The 
greatest difference in the S-parameters measured for these packages occurs 
in the phase angles. This however, is to be expected due to the dissimilarity 
of the packages physical dimensions.
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Fig. 6.2. GAT 4/5 Device chip photograph
showing contact geometry.



80
A more significant variation occurs in S21 which exhibits a faster roll­
off with frequenoy for the TO-72 than for the LID package. The TO-72 
package was not designed for microwave applications and these measurements 
confirm that its performance, not unexpectedly, degrades above 1GHz.
At 1GHz when used in actual low noise amplifier circuits similar performance, 
is obtained for both LID and TO-72 packaged GAT 1 devices as shown in 
Table 6,3. If the circuit is tuned for maximum gain however the LID package 
proves to be superior, as predicted hy the S-parameters. In spite of 
offering some performance improvement, LID packaged devices were seldom 
used at frequencies as low as 1GHz because of handling difficulties resulting 
from its small size and having the G&As FET chip exposed. The LID package 
was subsequently replaced by the P103 when the ultimate performance was 
required from GAT 1 devices.
At frequencies above about 10GHz parasitic effects associated with the LID 
package cause its performance to degrade in a similar manner to the TO-72 
package at 2GHz. Since these effects are mainly reactive and can in theory 
be tuned out the gain parameters calculated from S-parameters still describe 
the potential performance of the active device. It may not be possible to 
achieve this performance because the impedances resulting from the package/ 
device interaction prove impossible to match in the appropriate way. In 
comparing results for the LID with the lower parasitic P103 package it is 
observed that while similar values are calculated for the maximum available 
gain (NAG) and unilateral gain (u) the measured values of S21 are higher 
for the P103 package. Since S ^  is the intrinsic gain of the device in a 
30 ohm system, with no matching, the larger this value the less matching is 
required in an amplifier circuit.
Again the difference in performance was expected since the P103 package was 
designed as a 12GHz GaAs PET package whereas the LID was not. Unfortunately 
the P103 package only became available near the end of this study after many 
comparitive measurements had been made with LID devices.
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6.4. Microwave Parameters of Chip Devices
Early in this investigation considerable attention was directed at 
characterising the high frequency GAT 3 devices in chip form. Chip 
parameters were of interest since they relate the intrinsic characteristics 
of the active device and are required if the device is to be used in circuits 
in chip form. The latter is desirable if the ultimate in performance is 
required especially in broad bandwidth applications where it may be 
impossible to match a packaged device.
To characterise PET chips requires their installation on a suitable test 
substrate with the common source terminal grounded and the gate and drain 
connected to input and output 50 oh“ microstrip transmission lines. Alumina 
substrates 1 inch square and 0.025 inch thick with a gold plated ground 
plane on one side and photolithographically defined 50 ohm microstrip lines 
on the other were produced for test and calibration substrates. Devices 
were mounted on studs fixed into holes drilled in the substrate and the 
device gate and drain contacts wire bonded to 50 ohm transmission lines on 
either side of the stud. Source bonds were made to the stud which was in 
good electrical contact with the ground plane.Fig.6.3(a). This technique became 
known as the 'COD' mounting or Chip On Disc(L7) Various calibration substrates 
were produced with through lines, reference open circuits and offset open 
circuits. Early measurements on microstrip short circuits on Alumina sub­
strates showed that it was impracticable to realise a calibration standard 
short for operation to 12GHz. Open rather than .short circuit calibrating 
terminations were therefore pursued. A test and calibration substrate are 
shown. Fig.6.3.(b).
Initial measurements made using the two port correction routine and the 
above test pieces gave erratic results for both FETs and passive devices.
Part of the problem was found to be due to shortcomings in the calibrating 
open circuit lines. A partial solution to this calibration problem was 
achieved by using one coaxial short as an offset short and a single micro- 
strip open circuit to define the device measurement plane.
Fig. 6.3(a)COD mounted FET chip on alumina substrate.
Fig.6.3(b) Alumina test and calibration substrates.
Pig, 6.3(a)COD mounted PET chip on alumina substrate.
Pig.6.3(b) Alumina test and calibration substrates.
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Pig. 6.3(a)C0D mounted FET chip on alumina substrate.
Pig.6.3(b) Alumina test and calibration substrates.
Further measurements with this modified calibration procedure were better, 
but still gave variable results. Investigation of these effects identified 
three problem areas:
1. Calibration piece inadequacies.
2. Physical differences in device test substrates.
3. Substrate mount mechanical problems.
The first problem resulted from the fact that microstrip transmission 
lines on alumina substrates cannot be accurately represented by simple 
electrical length equivalents as assumed by the correction programme.(18-2l).Ify 
so doing both radiation loss and dispersion effects are neglected giving 
calibration errors and hence erronious 'corrected* data. Physical differences 
in test substrates arose from manufacturing tolerances on the alumina and 
the accuracy with which the COD holes could be drilled. The latter were 
produced using ultrasonic drilling and even though a special jig was used 
it was difficult to position the holes to better than - 0.2mm. On alumina 
substrates mechanical differences of this order give significant phase 
variations, as discussed in Chapter IV.
Measurements were made with substrates positioned on a one inch square metal 
block having co-axial to microstrip transitions screwed to its side. To 
change substrates the transitions could be unscrewed and removed. The 
performance of the transitions when changing substrates was inconsistent, 
especially if a substrate was slightly oversize and interfered with the 
ground continuity between the transition and the mounting block.
While given time the above problems could probably have been overcome this 
method of characterising GaAs FETs, was finally abandoned. In addition to the 
difficulties discussed the assessment of chip devices suffered other draw­
backs. Since the test was a 'destructive' one, the chips could not be re­
moved from the test substrate and re-used, it was not suited to comparitive 
studies or determining amplifier performance with known devices. For these 
measurements and studies packaged devices,( LID and PlOj) were used which could 
be returned to the manufacturer or used in circuits following their 
S-parameter characterisation. - -
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The work with chip devices had two useful outcomes. The first was the 
discovery of a simple tuning technique to realise high frequency amplifiers, 
first used to check the predicted gains of chip devices based on their 
measured S-parameters. This was later applied to multistage units as 
described in Chapter VII.
As a result of the problems identified by this work in measuring chip 
parameters other ways of obtaining this information were considered. This 
subsequently led to the development of successful techniques by colleagues 
of the author which are now used when chip PET parameters are required. (22)
6.5. Comparison of Measured and Theoretical FBT Parameters
The action of a n-channel depletion mode GaAs MESFET can usefully be 
represented by the simplified equivalent circuit, Fig. 6*4. Parasitic 
inductance and capacitance associated with the package have been ommitted 
since at low frequencies their effects are negligible.
The nature of the elements shown and expected values for a 2 micron gate 
length (GAT 2) devices are:
R
e -
effective gate resistance 5 ohms
Rs - effective source resistance 5 ohms
Rd - effective drain resistance 1000 ohms
R.1 - resistance associated with Cgs 5 ohms
Cgs - effective gate source capacitance 0.5PF
C<3« - effective drain gate capacitance 0.05pF
Cds - effective drain source capacitance O.lpF
®mo - low frequency transconductance 12mmho
y - carrier transit time 5pS
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Cate
Fig: 6.^ Eauivalent Circuit of GaAB F.E.T.
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This equivalent circuit allows a ready check of S-parameter data at 
the boundary condition f = OHz and hence establishes reference points with 
which measured S-parameters can be compared. If these boundary values 
are not satisfied either the data or the device model is invalid. In the 
case when the frequency tends to zero from inspection of the equivalent 
circuit the following S-parameter values would be expected»
= 1, 0° Effectively an open circuit reflection
- 0, 0° No reverse transmission, due to open circuit
= G, 180° 50 ohm system gain G, with signal inversion
S„„ = T 0° Output conductance T22 o o
Other geometry GaAs FETs have similar s-parameter values at the d.c. limit,
the exact values of and depending on the device transconductance
G and drain resistance R. respectively, mo d
By extrapolating back from 1GHz and 2GHz s-parameter values reasonable
lines 6 and 7 of Table 6.1. and Fig.5.3.)This correlation between the simple 
d.c. PET model and measured parameters at low microwave frequencies, l-2GHz, 
is reassuring and shows that no gross problems existed with the measurement 
system or procedures used. The theoretical prediction of device s—parameters 
at microwave frequencies, up to 12GHz, from the equivalent circuit is 
complex since all circuit elements must be considered including those 
associated with the device package.
For GAT 2 device: T0*- Rd ~ Zo - 950 - 0.90
R. + Z„ 1050 d o
and gain G - 2 x G Z e 0.1 G where Gmo o mo imo is in mmhos
For the GAT 2 example G Qi 1.2
The S-parameters for the GAT 2 example at the low frequency limit of
operation, d.c. would therefore be expected to have the values
.0 ,0 S21Cf 1 .2, 180° s22ûî 0.9, 0.O
agreement with the expected s—parameters at zero frequency is found. (See
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With the use of a modified SLAP circuit analysis computer programme 
Slaymaker et al have shown good correlation between the measured s-parameters 
of LID packaged GAT 2 devices and equivalent circuit predictions up to 
12GHz. The equivalent circuit was modified from that shown above to 
include package inductance and additional parasitic effects intrinsic to 
the PET chip.(23)
The general agreement between calculated and measured s—parameters from 
d.c. to microwave frequencies increasesconfidence in the validity of the 
characterisation technique. This was subsequently confirmed by comparison 
of calculated and actual amplifier circuit results.
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CHAPTER 27I.
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CHAPTER VII
APPLICATIONS OF GaAs FIELD EFFECT TRANSISTORS
The measured s-parameters of GaAs FETs reported in previous chapters 
predict that these devices should give useful amplifier gains at micro- 
wave frequencies. To confirm these predictions various amplifiers 
operating at different frequencies have been designed, built and assessed. 
Other potential applications such as oscillators and mixers have also 
been considered.
7.1. Low Frequency Amplifiers using Lumped Circuits
At frequencies up to about 2GHz amplifier circuits may be realised using 
conventional 'lumped' techniques where impedance matching is achieved by 
the use of suitable combinations of inductors and capacitors. The matching 
inductor and capacitor values may be determined using computer aided 
design (CAD) routines or for simple circuits by the use of Smith Chart 
techniques. To assess the performance of GAT 1 devices in such circuits 
two designs were developed and assessed at centre frequencies of about 
125MHz and 800MHz respectively. These frequencies were chosen because 
of potential applications or amplifier interest in the respective bands.
The 800MHz circuit was designed first and used a TO-72 packaged GAT 1 
device in the grounded source configuration. The conjugate matching 
impedances and $22 calculated from the measured s—parameters at 800MHz 
were used with a Smith Chart technique(24-26)to determine the matching circuit 
values, Lj^  - L^ and Cj^ - C^. Pig. 7 .1
To simplify biassing requirements the PET was operated with zero gate bias, 
a d.c. return for the gate being provided by a 10 kilohm resistor in 
parallel with C^. The drain bias was supplied via a RP choke, decoupled at 
the connector end by a l^ iP capacitor with a 6.8V zener diode in parallel 
for over and reverse voltage protection. To prevent coupling between the 
input and output matching circuits and hence possible instability, a metal 
screen was used to isolate the gate and drain leads of the TO-72 package.
TABLE7 .1 800 MHz GAT 1 AMPLIFIER PERFORMANCE
Power gain 
Operating frequency 
Bandwidth (-ldB)
Noise Figure
Input and Output Return Loss 
Reverse isolation 
Intermodulation 3rd order 
intercept point 
Power requirements, d.c.
15 dB
700MHz to 900MHz 
200MHz 
3 dB 
> 5  dB 
>30dB
+27dBm
+5 Volts, 50mA maximum.
V*»”
O U T P U T
r O A
L t *  n M
ILvOIIJ
c L* itr*
,  e c , «
Fig: 7-1 • Circuit diagram
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In the completed amplifier trimmer capacitors were used for and
adjusted to give the required gain and frequency response as indicated by 
the network analyser. The performance of the amplifier after alignment 
is shown in Table 7 .a and the circuit diagram in Fig. 7.1.
The gain and bandwidth achieved are as expected for a GAT 1/010 device 
however the noise figure at 3dB is not as low as could be achieved under 
optimum conditions. In this case the circuit was optimised for gain and 
frequency response with noise figure a secondary consideration. The 
difficulty in matching GaAs FETs at this frequency is shown by the low 
values of the input and output return losses obtained. The amplifier 
exhibited good linearity and using a two tone intermodulation test gave 
a third order intercept point of +27dBm.
This latter parameter was of particular interest for one potential 
application which was as a sustaining amplifier in a Surface Acoustic Wave 
(SAW) oscillator being developed by Plessey. Another possible application 
for this type of amplifier was as a low noise UHF TV preamplifier. While 
a number of trials proved the performance to be satisfactory the relative 
high cost of the GAT 1 device made the design commercially unviable for 
this consumer application.
At 123MHz a similar circuit configuration was used with initial values of 
the circuit elements calculated from extrepolated s-parameters since the 
GAT 1 devices had not been characterised below 400MHz. The calculated 
matching network values are shown in Fig. 7.2 and the final amplifier circuit 
and parts list are shown in Fig. 7.2(b).
To simplify the realisation of the larger inductances, L2 and L3, these 
were wound on formers with low loss ferrite cores. Since the device was only 
conditionally stable at these frequencies, it was not possible to conjugately 
match both the input and output. The 100 ohm resistor across the output 
enabled the device drain to be mismatched as an aid to stability and band­
width yet keeping the amplifier output VSWR reasonable. The loss associated 
with this resistor reduced the gain slightly, but had little effect on the
noise figure,
LI .lOpH L3 = .31pH
L2 • 45pH L4 = . H f i H
Cl 9 PF C2 = 7 pF
Fig. 7.2. Calculated matching network values for
125MHz amplifier.
COMPONENTS
Quantity
1
2
1
1
2
1
1
1
Description 
Plessey GAT1 GaAs FET
RS 2A Suppressor Chokes or Similar 6-10 pH RF Chokes
5.1 pF Ceramic Capacitor
1000 pF Ceramic Capacitor
0.4-6 pF Trimmer Capacitors, Cl and C2
5.8V (or 6.2V) 1.3W Zener Diode
1000 pF Feedthrough
100 ohm Resistor
Miscellaneous: Diecast box 89 x 35 x 36 mm; connectors, tinplate for
screen.
Fig. 7*2.(b) Final 125MHz amplifier circuit and parts list
RF chokes were used to DC ground the FBT gate and to apply the drain 
bias. The latter was again applied via a lOOOpF feedthrough shunted 
with a ljiF decoupling capacitor and with a 5»8V 1.3W zener diode to prevent 
excessive or reverse biassing.
The amplifier was constructed in a small diecast box with a central tin­
plate screen to isolate the input and output matching circuits. Fig. 7.3» 
After construction the circuit was aligned for the best gain response 
over the 100-150MHz frequency band by adjusting the trimmer capacitors 
and C£. The completed amplifier had a peak gain of 25d£ at 120MHz and fr«m 
105MHz to 151MHz the gain was )  23dB. The noise figure across the band was 
better than ldB. The excellent noise performance of this unit was confirmed 
when it was used in an amateur weather satellite receiving station operating 
at 137MHz with a steerable T*gi antenna. In addition to giving good cloud 
cover picture signals from the American ESSA 8 satellite, galactic sources 
of radio noise could also be identified.
The circuit knowledge gained from this amplifier was subsequently applied 
to other receiver and instrumentation applications by device users. In 
particular the ability of the GaAs FET to perform well at VI® and at reduced 
temperatures lead to its use in nuclear magnetic resonance (NMR) cyrogenic 
systems. At liquid nitrogen temperatures 77° K noise figures of less than 
0.3dB have been obtained from GAT 1 devices at 129MHz.(27)
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7.2. Microstrip Circuit Microwave Amplifiers
For frequencies above 2GHz 'lumped1 circuits of the type discussed above 
become impracticable and 'distributed' circuits consisting of transmission 
lines of varying impedance and lengths are used instead. With the correct 
choice of transmission line elements the FET impedances may be matched as 
required, for noise figure or gain performance to realise amplifier modules. 
While in theory various kinds of transmission line could be used such as 
co—axial or stripline in general the most common is microstrip.(28)

( j
 3
 
a
, 3
 l-
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Pig. 7.3. Internal view of 125MHz amplifier showing construction.
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Microstrip transmission lines consist of a conductive track supported 
over a single ground plane. The area between the track and groundplane 
is filled with a dielectric substrate often alumina or a 'plastic' material 
onto which the metal conductive surfaces have been deposited. Other dielectrics 
including quartz, sapphire and air, are also used depending on the operating 
frequency and design features of particular circuits.(29,30)
For use at frequencies up to 8GHz a number of test substrates and amplifiers 
were realised using a 'plastic' type of material available commercially 
as Polyguide. (14) This material with a dielectric constant of 2.32 was 
purchased in sheets 0.023 inch thick having a thin copper coating one side and 
a 0.25 inch aluminium ground plane on the other. The thick ground plane 
enabled connectors to be attached directly to edges of substrates and 
facilitated the mounting of FEFs and other components. The microstrip 
circuit was defined on the copper coated face using photolithographic 
and etching techniques similar to those used for the production of printed 
circuit boards. The relative low cost and ease of processing of 'plastic' 
substrate material makes it ideal for development work with packaged devices.
It is not however suitable for use with chip devices since it is not 
compatible with the bonding process. Where chip devices have been used 
gold plated alumina ceramic substrates were used for microstrip circuits.
Test amplifiers on Polyguide were designed and constructed for operation 
at 1.3GHz and 3GHz centre frequencies using GAT 1 and GAT 2 devices 
respectively. Both circuits were originally based on LID packaged device 
s-parameters, but later modified to accept P103 packages.
A comparison of the measured and calculated performance of the 3GHz circuit 
Fig.7,4 with P103 devices was carried out. The performance of the circuit 
shown in element form in Fig.7.5 was analysed using a CAD routine called 
DEtDtf, implemented on the Sigma V computer, with computer corrected 
s-parameter data for a GAT 2/P103 device. (31) Table 7.2.
The application of the Sigma V to computer aided design formed part of a 
separate research programme which contributed to the understanding and 
application of GaAs FETs in microwave amplifiers. (32)
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Fig. 7.4. 3GHz amplifier on Polyguide.
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Table 7.2 S-parameters of GAT 2/P103 device used in 
single stage S-band amplifier circuit.
Frequency
GHz
S
Mag.
11
Ang.
fl2
Mag. Ang.
S
Mag.
21
Ang.
S
Mag.
22
Ang.
2.0 rO00• - 57 .047 68 1.79 127 .84 -22
2.5 .73 - 72 .059 62 1.74 118
OO00• -27
3.0 .67 - 85 .066 61 1.64 104 .83 -32
3.5 .63 - 95 .062 69 1.5 97
O00• -33
4.0 • 54 -110 .061 77 1.46 89 .79 -37
The same device whose s-parameterB had been used in the circuit analysis 
was installed in the actual circuit and the resulting amplifier gain and 
VSWRs measured. The calculated and measured results for the gain, input 
and output reflection coefficients are shown, Figs.7-6to 7.^ While the 
shapes of the calculated and measured responses are similar the latter are 
offset at a lower frequency about 150MHz removed from the calculated results. 
This apparent discrepancy is however consistent with a known error in the 
device s-parameters. The error »»8 due to the neglection of the through 
length of the calibration line since the option to allow for this had not 
been incorporated into the correction programme at the time of the device 
measurements. As a result the phase angles of and are in error 
at 3GHz by about 10°, the electrical length of the 2mm through connection.
The effect on the main parameter is equivalent to frequency offset down­
wards of several hundred MHz which is reflected in the measured amplifier 
response. These calculations and measurements were useful in confirmings
a) CAD routines are applicable to FET amplifier analysis.
b) Reasonable agreement can be obtained between theory and practice.
c) Accurate device s-parameter data is crutial in achieving satisfactory 
circuit designs.
At frequencies above 8GHz difficulties of determining exact s-parameters 
for chip devices (section 6.4) and precisely realising circuit elements 
lead to the exploration of alternative ways of producing FET amplifiers.
1 0 0
1 0 1
Fig: 7.6 Measured and calculated gain response 
of single stage S-Band F.E.T. Amplifier
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Fig: 7.7 Input Reflection Characteristics of S-Band Amplifier
Fig: 7.8 Output Reflection Characteristics of S-Band Amplifier
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7.3. Tuned Amplifiers with Chip FETs
A tuning technique on microstrip was developed to overcome the above 
problems and allow the amplifier performance of GaAs FETs at X-band 
frequencies to be explored. This was first used to enable the amplifier 
performance of chip devices on alumina test substrates to be compared 
with S-parameter gain predictions. Single stage amplifiers were produced 
by placing metal discs, 3mm in diameter on the 50 ohm input and output 
lines of the substrate and positioning them to obtain the best input and 
output matching and hence maximum gain. The discs effectively act as shunt 
capacitors, whose value may be changed by varying the diameter and by 
positioning this 'capacitor' an appropriate distance from the device the 
equivalent LC network produced matches the device impedance to the 50 ohm 
test system. At 11GHz with one disc on the input line and two on the output 
line single stage amplifier modules with gains of 6-7dB were realised. Fig. 7«-9 
The equivalent circuit of these modules can be represented as inductors 
(lengths of 50 ohm line) and shunt capacitors (discs) as drawn in Fig.7.10.
Not unexpectedly there is a striking similarity between this and the circuits 
described previously for lower frequency amplifiers.
The tuning technique was applied to three stage circuits to obtain higher 
amplifier gains and confirm that GaAs FETs could be cascaded in such circuits.
In these amplifiers three GAT 3 device chips were mounted on an alumina sub­
strate 2 x 1 x 0.025 inches on which bias filters and 50 ohm interconnecting 
lines had been defined by normal photolithographic and etching KIC techniques.
At the ends of the 50 ohm lines adjacent to the devices GaAs ICS type chip 
capacitors were used to isolate the d.c. bias which was applied via bond 
wires from the bias network.
With the alumina circuit mounted in its box and connected to the network 
analyser, metal tuning discs were positioned on the 50 ohm transmission lines 
to obtain the required g u n  frequency response. When the deBired performance 
had been achieved the discs were permanently fixed to the substrate. Fig. 7.11 
shows the method of construction of the amplifier.
TUNED CAIN AMPLIFIER 
CAIN VS FREQUENCY 
C 314 device 6v blot 3ft « A  I
Am plitude
!**•!
Fig. 7.9. Performance of aingle stage 
disc tuned amplifier.
INPUT O —  
Shunt C
Series L Series L,,r FET -
r w i
W7>.
OUTPUT 
Shunt C
Y//A
Fig: 7.10. Equivalent circuit of disc tuned amplifier,
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Pig. 7.11 X-band amplifier construction.
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The resistive film attached to the gate bias networks introduces loss at 
out of band frequencies hence stabilising the devices and preventing low 
frequency oscillations.
The tuning technique proved versatile and is ideally suited to producing 
prototype amplifiers and for evaluating devices. It is quick, inexpensive 
and tolerant of device parameter variations, yet capable of realising the 
full potential of the FETs being used. (33)
To determine the feasibility of realising high (> 40dB) gain FET amplifiers 
at X-band for potential microwave I.F. applications a number of three stage 
disc tuned modules were produced. One such unit consisting of two modules 
cascaded with isolators for good VSWRs and having 42dB gain at 11.2GHz is 
shown. Fig. 7.12.
In addition to the frequency response, measurements were also made to determine 
other parameters such as gain variation with temperature, intermodulation 
and output power characteristics. These results are shown in Table. 7*3.
A second amplifier of similar performance was also produced, but this 
incorporated a thermistor, temperature sensing circuit to control the negative 
gate bias applied to the first module. This compensation circuit reduced 
the gain variation with temperature to less than ldB total with the minimum 
gain occuring at 20°C.
Results obtained from the above amplifiers confirmed the viability of 
producing high gain GaAs FET amplifiers suitable for satellite and other 
system applications. The disc tuning technique was subsequently used at 
other frequencies for performance assessment and is still used on many 
sophisticated MICs' as a means of 'fine tuning' to overcome effects of 
slight variations in device or circuit parameters.
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Fig. 7*12« 42dB gain 11.2GHz amplifier.
Table 7.3. 11.2 GHz AMPLIFIER PERFORMANCE
Centre frequency 11.18 GHz
Bandwidth at —1 dB points 260 MHz
°a*n .. | at 20°C Noise figure )
42 dB 
13.5 dB
Input and Output VSWR'b 1.5
Gain variation 7°C - 35°C - 1.2 dB
Third order intermodulation 
level at output for two equal 
carriers at input of -50 dBo 
each
- 40 dB
Output power level 8.5dBn
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Fig. 7.12. 42cLB gain 11.2GHz amplifier.
Table 7.3. 11.2 GHz AMPLIFIER PERFORMANCE
Centre frequency 11.18 GHz
Bandwidth at -1 dB points 260 MHz
°ain \ at 20°C Noise figure )
42 dB 
13.5 dB
Input and Output VSWR's 1.5
Gain variation 7°C - 35 °C -  1.2 dB
Third order intermodulation 
level at output for two equal 
carriers at input of -50 dBn 
each
- 40 dB
Output power level 8.5dBn
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7.4. Low Power Consumption Amplifier Operation
One critism of early PET amplifiers such as the 11.2GHz unit described above 
concerned their relatively high d.c. power consumption compared with low 
noise tunnel diode amplifiers. This high power consumption resulted from the 
drain current of each PET typically being a few tens of milliamps. For 
example the 42dB gain 11.2GHz amplifier module required 1.2H and at lower 
frequencies a typical 2-stage C-band amplifier giving 15dB gain needed 0.3W 
of bias power.
The reduction of PET amplifier power requirements was investigated and by 
using suitable devices appropriately biassed the dfi. power consumption has 
been reduced by an order of magnitude. Results were obtained for a two- 
stage amplifier with a centre frequency of 7>4GHz which illustrate that low 
power consumption GaAs PET amplifiers for applications such as satellite 
communication systems with only limited power supplies could be readily 
produced.
For low power operation devices which exhibit drain current saturation at 
low drain source bias voltages and good transconductance values at drain 
currents of a few milliamps are required. GAT 3 devices in P103 packages 
from a batch having drain current saturation voltages of 1.5V to 2V and gate 
pinch off voltages of —1.5V to —2V were selected which satisfied these 
requirements. Fig.7113 The transconductance of these devices falls slowly 
with decreasing drain currents from 10 mmhos at 12mA to 4 mmhos at 1mA.
The GaAs FETs were mounted in a two stage narrow band amplifier designed for 
C-band operation. This amplifier fabricated on Polyguide dielectric material 
utilised low impedance sections of microstrip line to match the input and 
output of the FET to 50 ohms at the frequency of interest. The design was 
optimised for maximum gain using the device parameters measured at bias values 
of V__ = +5V and V__ = 0V. The gain response of the amplifier was measured 
using the network analyser under various device bias conditions. Reducing 
the drain bias voltage Vpg from +5V to +2.5V with zero gate bias gave little 
change in the gain response. Below about +2V the response became distorted 
due to a fall off in_gain at the higher frequencies. The drain bias voltage
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was fixed, at +2.5V, this being the lowest value commensurate with maximum 
gain and bandwidth.
By applying the same negative gate bias to both devices, the total drain 
current was reduced and the gain response remeasured. Fig. 7.1^  The reduction in 
current leads to a fall in the amplifier gain, but has little effect on 
the shape of the gain response until the current through each device drops 
below about 2mA. Even at 2.5mA total current however 9&B of gain was 
available for an input d.c. power of only 6.25mW.
The fall in gain, with Vpg fixed and decreasing drain current, due to 
negative gate bias is shown.Fig.7«1 5 «Also shown is a plot of the gain for 
each lOmW of d.c. power against the total drain current. As the current is 
reduced the gain decreases, but at a slower rate than the d.c. supply power.
The gain for each lOmW of d.c. power therefore increases and reaches a peak 
of 14.5<lB/lOmW at about 2.3mA drain current. At lower currents the gain 
falls off very rapidly as both FETs pinch off.
For the two stage amplifier investigated the optimum low d.c. power performance 
occured with a supply current of about 5mA. It then gave 13dB of gain at 
7.4GHz with a -ldB bandwidth of 200MHz. The measured noise figure under 
these conditions was less than JdB although no attempt had been made to 
minimise it. Intermodulation measurements indicated there was little degrad­
ation in the performance at low bias levels. A dip of almost lOdB in the 
magnitude of the third order I.M. products was observed for intermediate 
drain currents of 4mA to 6mA per device due to the nearer square law 
characteristics of the FET at these values. Under low bias conditions, with 
two signals each giving —lOdBm at the amplifier output, the third order I.M. 
products were 30dB down on the fundamental. This corresponded to an Intercept 
Point of +5dBm.
This study showed that GaAs FETs could compete with other devices in limited 
supply power situations and still retain the established GaAs FET advantages 
of stability, reliability and linearity compared with tunnel diode amplifiers.
11 2
• l^ f. Gain response versus bias current 
for 2-stage C-Band FET amplifier, 
with VDS = 2.5 volts.
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Fig. 7»15 Gain characteristics versus bias current and 
power for 2-stage C-Band FET amplifier.
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7.5» GaAs FET Oscillators
A number of different types of oscillator circuits were studied at 
frequencies from L to J-Band to assess the performance of FETs in 
this application.
At frequencies up to S-band versions of the Hartley oscillator con­
figuration were used.(34). Above 1GHz microstrip circuits were produced 
using a short circuit stub slightly less than X/4 long which was 
resonated with the gate capacitance of the FET. The device source 
connected to a tapping point on the stub and the RF output was taken 
from the drain via a 50 ohm transmission line which also contained the 
d.c. bias feed. The approximate stub length required to resonate with 
the gate capacitance at a given frequency was determined from a Smith 
Chart plot of the device input s-parameters. For a GAT 3 device at 3GHz 
it is found that a stub of length 0.2lX or electrical length 21mm is 
needed to resonate with the S ^ . . Such a circuit fabricated on polyguide 
dielectric material is shown. Fig.7.16. This circuit incorporates a 1000pF 
chip capacitor in the resonant stub, a later modification to allow self 
biasing of the device gate. The actual resonator stub length realised on 
the final circuit was 21.6mm and with a GAT 3 device (Batch 388b ) the 
measured oscillation frequency was 3.02GHz. The original circuit gave 
output powers > 20mW with efficiencies of lO^.Fig.717.When modified to self 
biasing of the gate similar output powers were obtained, but with increased 
efficiency of The output power in both cases increased linearly with
d.c. bias up to the maximum value applied of VDS m  +7V. Maximum oscillator 
efficiency occuwed at +5 to +6 volts drain bias. At frequencies above 
S—band the Hartley oscillator circuit becomes impracticable and the Colpitt 
configuration, which makes use of the internal feedback of the device, is 
more suitable. Experimental X—band circuits fabricated on polyguide using 
LID packaged FETs yielded output powers of 5 to lOmW with efficiencies of 
10 percent.
Gate self 
bias capacitor
Polyguide, operating frequency 3GHz
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Pig: 7.18. Output power and efficiency of 3GHz
oscillator with gate self bias circuit
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At J—band device chips mounted directly onto alumina substrates have been 
used with chip capacitors and bond wires forming the resonant circuit. 
Microstrip output lines and bias networks were defined on the substrate 
using normal MIC techniques.
Prototype oscillators using GAT 3 device chips in such circuits oscillated 
at 13 to 15GHz. Results for a 13GHz oscillator are shown. Fig.7.19,The 
maximum output power was 14mW at +6 volts drain bias with an efficiency 
of 9 percent. At higher drain bias levels the output power and efficiency 
both decrease, probably due to the poor heat sinking of the active device.
Pulling range measurements, not unexpectedly, gave a low Q of about 50 
for this circuit which was also reflected in the rather broad spectrum of 
the RP output. This could be improved by the use of higher Q circuits or 
by coupling to other resonant structures. (35»36)
This investigation has shown that GaAs FETs are useable as oscillators 
up to J-band frequencies with output powers of a few tens ‘of milliwatts.
The striking feature of the PET oscillator, even in the experimental 
circuits described, is its efficiency which is higher than other solid state 
sources such as Gunn devices.
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7.6. Other Applications
While the prime use of GaAs FETs is in microwave frequency amplifiers it 
is also finding applications in other circuit functions. The FET oscillator 
was discussed in the previous section and other workers have shown the 
FET to be equally suitable as a mixer. The most significant characteristic 
of the mixer circuit is the greater dynamic range, approximately lOdB 
improvement, compared to conventional diode mixers. (37*38)
In addition to analogue applications, FETs of the Plessey GAT 2 type have 
been utilised as switches in experimental digital systems.(39) Existing n- 
channel depletion mode devices do however Buffer a disadvantage in this 
role due to their relatively high drain currents and hence power dissipation.
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Bias Voltage
Pig: 7.19« Output power and efficiency of
13GHz oscillator using a GAT3 chip FET.
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The high input impedance and low gate capacitance of GaAs FETs have 
been utilised in applications such as buffer amplifiers for RF sampling 
probes and in transconductance amplifiers for use with photodetectors.
As GaAs and FET technology matures the use of such devices in an 
increasing spectrum of applications is to be expected. In the longterm 
it is possible that high frequency GaAs devices will be as significant 
in future systems as silicon transistors are today.
1 2 0
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CHAPTER YIII.
Conclusions a n d  recommendations.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS
8.1. General
An automated and computer corrected s-parameter measurement system 
has been realised by interfacing a manual Hewlett Packard type 8410 
network analyser with the Sigma V computer in the Engineering 
Department at Warwick University.
This measurement system was used, with various calibration routines, 
to assess GaAs FETs of differing designs and fabrication techniques 
mounted in a range of package configurations. Subroutines in the 
measurement computer programme enabled gain performance of devices 
to be calculated from the corrected s-parameters hence facilitating 
the comparison of devices.
Effects on RF performance of design or process changes were communicated 
to the device manufacturer in order to assist with its development.
Use was also made of the s-parameter and gain data obtained on various 
devices to assess their usefulness in certain applications and to 
realise test circuits for demonstrating potential performance. A number 
of amplifiers and oscillators incorporating these GaAs FETs were 
constructed and characterised at operating frequencies in the range 
0.1 to 12GHz. Although experimental, the results from these circuits 
illustrated that GaAs FETs are capable of excellent performance over 
a wide frequency range.
8.2. Computer corrected s—parameter measurement system
In developing the hardware and software for this system particular 
emphasis was placed on its suitability for characterising active 
microwave devices and in particular FETs. As a result some compromises 
were made which could lead to difficulties in other applications.
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The use of the Hewlett Packard s-parameter test set with the 2-port 
correction programme has the advantage that all measurements on the 
device under test can be carried out in one operation without the 
need to manually reverse the device as is the case with the single 
port programme. The penalty for this convenience however is a 
slightly degraded accuracy arising from imperfections in the s-parameter 
test set. For FET measurements however, the accuracy of typically better 
than - 0.02 in amplitude and - 2.3° in phase is acceptable and is 
considerably better than can be achieved by purely manual systems.
Where the highest measurement accuracy is required the use of the 
single port correction programme together with the reflectometer test 
box is recommended.
A number of residual sources of error still exist in the measurement 
system, the most significant of which is due to inaccuracies in the 
setting of the frequency of the microwave source. While periodic 
revision of the stored voltage versus frequency tables in the computer 
programme can take account of ageing effects the relatively poor 
frequency stability of the sweep oscillator may result in deviations 
of several MHz from the desired frequency. The resulting errors in 
corrected s—parameter measurements increases as the electrical length 
between the network analyser Reference and Test channels becomes 
larger. When characterising FETs the system was first manually adjusted 
to approximately equalise the Reference and Test channel path lengths 
to minimise this source of error.
Two possible solutions to this problem were investigated, but not 
included in the. system due to lack of time. One involved using the 
frequency counter to read the frequency at each measurement point and 
if this deviated from the required value a correction signal could be 
generated.
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The second method which offered much improved frequency accuracy and 
stability was based on phase locking the sweep generator to the 
harmonics of a crystal oscillator using a Microwave Systems Inc., 
Microwave oscillator frequency stabiliser.(40). Where highest accuracy 
measurements are needed the implementation of the latter approach should 
prove worthwhile. Imperfections and nonlinearity effects in the 
network analyser and sampling head are other potential sources of 
error, but these are negligible when making transistor measurements.
Care must be taken when measuring high gain devices such as multistage 
amplifiers to avoid dynamic range limitations of the network analyser.
At frequencies above 1.3GHz the performance of the system degrades, but 
this is to be expected since the s-parameter test set and parts of 
the network analyser are only designed for operation to 12.4GHz.
For the application considered, the characterisation of GaAs FEfTs, the 
consistent performance and special features of the system developed at 
Warwick have proved invaluable and yielded a wealth of s-parameter data 
(see Appendix).
8.3. Device Characterisation
The requirements for test fixtures and calibration standards for various 
packages have been considered and successful hardware designs and 
calibration procedures developed for handling LID and P103 packages. 
Attempts to characterise chip devices were not so successful because 
of problems with test mounts and calibration pieces. As a result of 
these difficulties and the destructive nature of testing chip devices 
this was abandoned early in the investigation.
Measurements of LID packaged FETs have established s-parameter and gain 
performance values for different devices under various test conditions.
These results have helped the development of the PET device by 
identifying such things as the superior performance of aluminium 
versus nickel as a Schottky gate metalisation and the poor gate to 
bonding pad contact on early electron beam defined devices. As 
important, but less spectacular, has been the ability to identify 
small performance differences resulting from processing or material 
property changes, so that the value of such changes could be 
accurately assessed.
Results obtained with devices in the P103 package confirmed that it 
was more suitable as a high frequency package than the earlier LID 
package design. The P103 package was used to assess initial samples 
of a wide gate geometry PET which subsequently became the Plessey GAT4 
commercial device. To obtain information for performance assessment 
and circuit design other types of PET were also measured in P103 
packages. Since this investigation was completed the LID package has 
been discontinued in favour of the P103 which offers better performance 
and ease of handling. A range of other packages designed for use with 
microwave FETs are now becoming available, a study of which could form 
a useful extension of this investigation.
8.4« GaAs FET Applications
Small signal amplifiers with operating frequencies in the range 0.1 
to 12GHz have been realised with GaAs F E T s M o s t  notable are a high 
gain 40dB unit at 11.2GHz and a low noise, low frequency, 125MHz design. 
At intermediate frequencies a comparison of the measured and calculated 
performance of an amplifier circuit with specifically characterised 
devices has shown that computer aided design (CAD) can be usefully 
applied to PET circuits. When fabricating the amplifier circuits 
lumped or distributed circuit techniques were used aB appropriate to 
the operating frequency.
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The amplifiers produced were characterised in terms of their gain 
response, noise figure and intermodulation performance. These results 
have shown that across the frequency range investigated the GaAs FET 
is capable of satisfying small signal low noise amplifier requirements. 
Even at frequencies below about 6GHz, where the FET has to compete 
with bipolar transistors, the lower noise figure and better inter­
modulation performance of the FEP will ensure its future use.
Experiments with FET amplifier stages operated at low drain voltages 
and currents have shown that where necessary the d.c. power consumption 
can be reduced to levels compatible with other devices such as tunnel 
diode amplifiers.
Oscillator circuits incorporating FETs have yielded output powers of 
a few tens of milliwatts with good efficiencies. At 10GHz the FET 
oscillator is more than twice as efficient as a Gunn oscillator of 
similar power. The FET unit also operates at lower supply voltages 
which is advantageous in some applications. One disadvantage of the 
experimental FET circuits however, was their relatively poor frequency 
stability and noise performance. This may have been the result of 
uBing unoptimised circuits and further study of these effects is merited.
Since the GaAs FET extends transistor performance well into the microwave 
region of the spectrum it is not surprising to find transistor circuits 
being increased in frequency by the use of this device. To this end 
other workers are studying such diverse applications as high speed 
switching and optoelectronic uses of GaAs FEFs.(42)
Without question GaAs FETs and circuits using these devices will increase 
in importance in microwave and other future systems, possibly to such 
an extent that Gallium Arsenide will rival silicon as the major semi­
1 2 6
conductor material
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8.5» Comments
Since the completion of this investigation in late 1974 many advances 
have been made in the three areas of measurement techniques device 
technology and applications. Indeed it was the authors continued 
involvement in this blossoming field of research and development which 
led to a years' secondment to Plessey's Californian activity and 
contributed to the delay in the completion of this thesis! Throughout 
the thesis all results, conclusions and references relate to the situation 
at the time of the programme completion. While some of the findings may 
at this time be of less relevance many of the techniques developed and 
conclusions reached are still valid. Some of the more recent develop­
ments are summarised in the following paragraphs and while in some areas 
such as device technology, vast improvements in performance have been
made in others, such as measurement hardware, little has changed over the
last five years.
At the time the two port full correction network analyser system was 
developed by the author at Warwick no Bimilar system was available 
commercially. The Hewlett Packard Model 8542 Automatic Network Analyser 
(ANA) system available at that time for about £200K offered corrected 
measurements, but due to limitations in memory size of the integral mini­
computer only used a six element-error model which necessitated the reversal 
of the test device. The Sigma V computer used on-line at Warwick however, 
afforded sufficient memory to support the full twelve element 2-port error 
model. The Model 8542 ANA is now obsolete and its place taken by a system 
with solid state sources replacing the original backward wave oscillators 
(BWOs) and a desktop computer in place of the minicomputer. The heart of 
the microwave system is still the Model 8410 network analyser unit.
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As Fitzpatrick ( 43 ) noted the major area of change has been that of 
the computer which has benefited from the 'explosion' in digital technology. 
Commercial ANA systems, model 84O9B now available from Hewlett Packard 
use a desktop computer with I87 kilobytes of Read/Write memory which is 
more than six times the capacity of the original minicomputer. With 
these systems there is virtually no limit on the programme size and the 
full 2-port correction routine can be handled with ease. Although much 
more powerful the cost of the current system is about one third that of 
the original model 8542 ANA. While the basic error model for the correction 
procedure has remained the same the derivation of the calibration equations 
and their exact solution has been considered by various workers( 44,45 ).
Latest ANA systems use the explicit equations in place of the iterative 
method to solve for the corrected s-parameters originally employed.
The main problem with the presently available ANAs, which generally operate 
up to 18GHz, is rapidly becoming one of limited measurement range. Already 
experimental FETs and amplifiers are being produced with operating frequencies 
in excess of 20GHz work which is to some extent being hampered by the lack 
of suitable measurement equipment.
Dramatic developments in device technology over the past five years have 
resulted in the establishment of whole new families of solid state microwave 
devices as well as improvements in the original small signal low noise type 
of GaAs FET. Key developments over this time have been in the areas of 
power FETs, monolithic microwave circuits on GaAs and GaAs integrated 
circuits. (46,47)
Power GaAs FETs are now commercially available with output powers of about 
1 Watt at frequencies in excess of 12GHz. At lower frequencies power outputs 
of a few Watts are obtainable and these devices are being used in power 
amplifiers for transmitter driver chains and for point to point communications.
,L
Q
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Work on monolithic microwave circuits which consist of FET devices and 
their associated matching circuitry all defined on a single chip of GaAs 
is currently at the research stage. This technique which offers small 
size and potential cost advantages is being studied both for receiver (low 
noise) and transmitter (power) applications in phased array systems where 
large numbers of similar circuits are required.
The research into GaAs integrated circuits is aimed at utilising the high 
frequency advantages of the material to realise circuits, both digital 
and linear, which will operate at frequencies above the limit of present 
silicon devices. Further development of the low noise FET have resulted 
in increased frequencies of operation and improved noise performance. The 
dual gate GaAs FET pioneered by Turner ( 48,49 ) has been refined and with 
one micron length gates is now capable of operation to above 12GHz.
To enable these new devices to be incorporated into microwave components 
(amplifiers, oscillators, mixers) developments have taken place in circuit 
design and realisation to cope with the particular characteristics of FETs. 
Computer Aided Design (CAD) programmes are now available which allow circuit 
optimisation for noise figure as well as gain performance and will take 
account of microstrip circuit effects such as dispersion which become 
significant at the higher operating frequencies of the FET.
Circuit techniques capable of matching the high impedances of low noise 
devices over broad bandwidths now exist and methods of achieving a good 
noise figure match with minimum loss are being sought. Indeed at frequencies 
below about 4GHz because the intrinsic noise figure of GaAs FETs is so 
good (< ldB typically for half micron gate lengths) significant improve­
ments in amplifier performance is now resulting from reducing circuit losses 
rather than looking for better devices.
1 3 0
Small signal and power GaAs FETs in various amplifier and oscillator 
circuits are now established components in many microwave systems, both 
military and commercial. The dual gate FET is being used for gain 
control, mixer and modulator applications. The impact of monolithic and 
GaAs integrated circuits on microwave systems has yet to be seen, but it 
is interesting to remember, when considering the situation today, that it 
has been less than ten years since Plessey put the first ever commercial 
GaAs FET onto the market.
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8.6. Re c ommendat ions
The on-line computer corrected network analyser system at Warwick, while 
capable of good results, does have some scope for improvement and further 
development. Higher measurement accuracy could be obtained by improving 
the setting accuracy of the microwave source frequency as discussed in 
section 8.2. An increase in dynamic range when measuring amplifiers could 
be obtained by utilising the switchable attenuator in the s-parameter 
test set. There is also a small further accuracy improvement to be gained 
by considering imperfections in the operation of the microwave sampling 
head and output display unit.
As a result of the dramatic plunge in the cost of computer systems and 
memory devices it would now be feasible to replace the on-line Sigma V 
computer with a microcomputer system dedicated for operation with the 
network analyser. This would have the advantage of removing limitations 
on the operation of the system due to problems of access time to the 
Sigma V. A suitable microcomputer with adequate computing and controlling 
power can now be purchased for a few thousand pounds which could readily 
be interfaced to the existing microwave system. If necessary this dedicated 
system could still be linked to the Sigma V for additional processing, storage 
or the display of data. With the broadening interest in GaAs based devices 
there are many possible topics for further research. Most prime parameters 
(i.e. gain, noise figure, output power) are however being investigated to 
varying extents, by the companies and research establishments concerned 
with the development of these new devices. Consideration of secondary topics 
may be more suited to continuing university research projects, such as 
investigations of performance stability, light sensitivity, overload 
characteristics and reliability. The ultimate importance of secondary 
device parameters is illustrated by the present situation with the 
established low noise small signal OaAs FETs where performance stability i B  
causing problems in amplifiers requiring precise levels of gain wider 
varying operating conditions. - -
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In order to satisfy this requirement it has been necessary to carry out 
additional device research to overcome effects neglected when the device 
was first developed.
There are numerous applications of these GaAs devices, which although 
reports appear in the literature, are still only partially understood 
and could benefit from further investigation. Some examples are FBT 
mixers, power oscillators and optoelectronic circuits together with 
techniques such as low loss matching and high frequency microstrip circuit 
realisation.
When considering fruitful topics of further research it should perhaps 
be remembered however, that the devices considered above all depend for 
their existance on Gallium Arsenide, a material which itself is far from 
being completely understood. There are thus still many continuing areas 
of materials research and only with success in these areas, leading to 
improved availability of high quality GaAs, will the realisation of future 
sophisticated devices be possible.
133
RllKiAENCES
1. KNIGHT, J.R., EFFER, D. and EVANS, P.R., 'The preparation of 
high purity GaAs by vapour phase epitaxial growth', Solid State 
Electronics, 8, 1964, PP 178.
2. TORNER, J.A., and WILSON, B.L.H., 'Implications of carrier velocity 
saturation in a Gallium Arsenide field effect transistor'. Proceedings 
of the second International symposium on GaAs, Physical Society 
Conference Series 7, 1969, P.195.
3. ZULEEG, R. and LEMDVEC, K., '............ •
Proceedings of symposium on GaAs, 1970, pp240
4. MIDDELHOEX, S., 'Projection masking thin photoresist layers and 
interference effects*. IBM J. Res. Development. 14, 1970, ppll7
5. TORNER, J.A., et al. 'An electron beam fabricated GaAs microwave 
field effect transistor'. Proceedings of the third International 
symposium on GaAs, Physical Society Conference Series 9, 1970. p.234.
1. SHURMER, H.V., LUXTON, H.E.G., HOSSEINI, N.M. and STONEMAN, K.A.
'The application of an on-line computer to microwave measurement'. 
IMEXO VII, Vol. No. 2., 10-14 May(l976), London, Paper, BEh/211.
6 . TORNER, J.A., and WALLER, A.J., 'Noise Parameter Measurement on 
Gallium Arsenide Field Effect Transistors' I.E.E. Colloquium Digest 
197l/l3 R.F. Measurements on Solid State Devices.
8. HEWLETT PACKARD, 'Microwave Network Analyser Applications'.
Application note 117-1
9. HEWLETT PACKARD, 'Stripline Component Measurements with the 841QA 
Network Analyser'. Application note 117-2.
134
10. HACKBORN, R.A. 'An automatic network analyser system'.
Microwave J., Vol.ll, May(l968) pp 45-52.
11. HAND, B.P., 'Developing accuracy specifications for automatic
network analyser systems'. Hewlett Packard J. Vol.21, Feb(l970) pp.16-19.
12. HEWLETT PACKARD, fModel 5340A, Frequency counter operating manual'
13. 'Precision Voltage Source, type TL-11, instruction manual'.
Tolec Ltd., Hayes Lane, Lye, Stourbridge, Worcs.
14. 'Polyguide for low-loss microwave stripline applications'
Electronised Chemicals Corporation, Burlington, Massachusetts, U.S.A.
15. SHURMER, H.V., 'Calibration procedure for computer corrected s-parameter 
characterisation of devices mounted in microstrip', Electron. Lett.
Vol.9, No.14, 12th July(1973), PP323-324.
16. GERZON, P.H., BARNES, H.W., WAITE, D.W. and NORTHROP, D.C.
'The Mechanism of RP Spike Bum-out in Schottky Barrier Microwave 
Mixers'. Solid State Electronics, Vol.18, April,1975. PP343-347.
17. SLAYMAKER, N.A., SOARES, R.A. and TURNER, J.A. 'GaAs MESPET Small 
Signal X—Band Amplifiers'. IEEE Trans. MTT-24. June 1976. pp 329—337*
18. HARTWIG, C.P., MASSE, D., and PUCEL, R.A. 'Frequency dependent 
behaviour of microstrip', Proceedings of the G—M.T.T. Microwave 
Symposium, Detroit (1968) pp 110-116.
19. GE7TSINGER, W.J. 'Microstrip dispersion model'. I.E.E.E. Trans.
Microwave Theory and Tech., Vol.MTT-21, Jan(l973) pp 34-39*
20. SILVESTER, P and BHfE3JEJC, P. 'Equivalent capacitance of mlcrostrip 
open circuits'. IEEE Trans. Microwave Theory and Tech., Vol.MTT-i20,
Nov (1972), pp 511-516.
135
21. NAPOLI, L.S., and HUGHES, J.J., 'Foreshortening of microstrip open 
circuits on alumina substrates'.
I.E.E.E. Trans. MTT-19, June 1971« PP 559-561«
22. SOARES, R.A. and CRIPPS, S.C. 'Some novel characterisation techniques 
used in the design of X-band GaAs FET amplifier'.
Proc. 1976. European Microwave Conf. (Rome, Italy) Paper, SS 1.4.
23. LUXTON, H.E.G., SLAYMAKER, N.A., TORNER, J.A., and WALLER, A.J.
'Study of Gallium Arsenide Field Effect Transistor for use at 
Microwave frequencies'. Annual Research Report, Nov. 1972 to Oct.1973,
CVR contract no: N/CP16/1717/47/4B. 302.RP9-1H.
24. BIRENBAUM, L. 'Handbook of Microwave Measurements'.
Vol.III, Chapter XXV, Polytechnioal Press. (Hfc3)
25. COPPES, A., 'D-M3S FEH1 Single &ate 1GHz amplifier'
New Electronics, Nov. 1973, pp 66-72.
26. HEWLETT PACKARD 'S—parameter design'.
Application Note 154 April (1972).
27. HOULT, D.I., and RICHARDS, R.E., 'A VHF FEJT Preamplifier with 0.3dB 
noise figure'.
Electronics Letters. V J  Nov Vot I / ,  N o .  1 4  Pg. S"9fc.
28. WHEELER, H.A., 'Transmission-line properties of parallel strips 
separated by a dielectric sheet'.
I.E.E.E. Trans. Microwave Theory and Tech., Vo 1.MIT-13, March(l965) 
pp. 172-185.
29. NAPOLI, L.S., HUGHES, J.J. 'High frequency behaviour of microstrip 
transmission lines'. R.C.A. Review, June(l969), PP 268-276.
30. AITCHESON.’ C.S. et al. 'Lumped-circuit elements at microwave frequencies'.
I.E.E.E. Trans. MTT-19. No.12, Dec.1971 pp 928-937.
136
31. GELNOVATCH, V.G., and CHASE, I.L. 'DEM)N—An optimal seeking computer 
programme for the design of microwave circuits’. I.E.E.E. Trans.
Solid State circuits, Vol. SC-5, Dec.(l970) pp 303-309.
32. HOSSEINI, M. ’Application of Computer-aided design to microstrip 
circuits'. Ph.D. Thesis, University of Warwick, July 1977«
33. TOHNER, J.A., 'Status and Future Prospects for the GaAs FET'.
JEN. Oct/Nov 1974. PP 42B-78A.
34. BODOWANEC, G. 'Microwave transistor oscillators'.
Microwave Journal, June 1974. pp 39-62.
35. FINLAY, H.G., JOSHI, J.S. and CRIPPS, S.C. 'An X-band FET oscillator 
with low f.m. noise'. Electron. Lett. Vol. 14, March(l978) ppl98-199.
36. TSANG, H, MACKSEY, H., and SOKOLOV, V. 'Performance of GaAs 
MESFET oscillators in the frequency range 0—25GHz’. Electron. Lett.,
1977, 13, pp 85-86.
37. SITCH, J.E. and ROBSON, P.N. 'The performance of GaAs FETs as 
microwave mixers'. Proc. I.E.E.E. (USA) Vol.61, No.3, March 1973.
38. HJCEL, R.A., BERA, R. and MASSE, D. 'An evaluation of GaAs FET 
oscillators and Mixers for Integrated Front-end applications'. Proc. 
of I.E.E.E. Conf. ISSCC, 1975. Paper WPM 7.1.
39. GASPARI, R. and YEE, H. 'Microwave GaAs FES’ switching'.
IEEE MTT-S, International MW Symposium Digest 1978.
40. JOS Microwave Oscillator frequency stabiliser;
Handbook Model ICS series, Microwave Systems Inc.
41. LUXTON, H.E.G. 'Gallium Arsenide Field Effect Transistors - 
their performance and application up to X—band frequencies'. 
Proceedings of the European Microwave Conference, Sept. 1974» Montreux.
137
42. VAN TUYL, R. and LEICHTI, C.A. ’High speed Integrated Logic with 
GaAs MESFETs'. IEEE J. Solid State Circuits, V0I.SC9, No.5,
Oct.1974. PP 269-276.
43. FITZPATRICK, J. ’Error Models for Systems Measurement'.
Microwave Journal, May 1978.
44. DaSILVA, E.F. and McPHUN, M.K. 'A new method of calibrating a 
microwave network analyser for computer-corrected s-parameter 
measurements'. Electron. Lett. V0I.9 (1973) p.126.
45. WOODS, D. 'Rigorous derivation of computer corrected network 
analyser calibration equations'. Electron, Lett. Vol.ll,(1975) p.403.
46.
47.
ABBOTT, D.A. et al. 'Monolithic Gallium Arsenide Circuits show 
great promise'. MSN. Aug.1979« V0I.9, No.8. pp 73-96.
FAWCETTE, J. 'Users Join Disciples of GaAs ICs'. MSN Nov. 1979« 
V0I.9, No.12, pp 15-25.
48. TURNER, J.A., WALLER, A.J., KïLLY, E. and PARKER, D.
'Dual-gate Gallium Arsenide microwave field-effect transistors'. 
Electronics Letters, Volume 7» No.22— 1971«
49. HAMILTON, R.J. et al. 'Devices vital to IFM Limiting Amplifiers'. 
Microwave Systems News. Sept. 1979« V0I.9, No.9» PP 59-66.
138
APPENDIX 1. Two port correction programme listing.
The following listing, included for reference by others wishing to 
use the Warwick facility, is of the final programme used to affect 
full correction 2-port measurements without the need to manually 
reverse the device under test.
Written in Fortran IV and run on the Sigma V computer this programme 
controls the microwave equipment and the measurement of data via the 
interface units described (Ch. III).
This programme also contains subroutines to record results onto magnetic 
tape and retrieve them as well as routines to calculate and print gain 
and stability parameters.
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APPENDIX 2. Dieting of data file tapes
Shown in this listing are details of data files dumped onto magnetic 
tape following measurements made using the 2-port programme liBted 
in Appendix 1. Using the same programme any of the data files may be 
recalled and the results examined or recalculated in different ways.
Each measurement run record is identified by number, date, frequency 
range, number of measurement points and contains details of calibration 
configuration and values together with the measurement title.
The listings shown represent over 600 measurement runs, mostly for 
GaAs FET devices, at frequencies in the range 0.4 to 12GHz. This 
information which has been instrumental in the development of small 
signal GaAs FETs may be of interest to others considering the design 
of microwave circuits around such devices.
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APPENDIX 3. Computer programme to determine statistical data
This short Basic language computer programme was written and run on 
a microcomputer system to calculate Mean and Standard Deviations of 
sets of s-parameter and other results.
Information is supplied in DATA statements commencing at line number 
200. When run the number of samples is displayed to serve as a check 
on the input data. The calculated mean value of the data points and 
the deviations are then displayed or printed as in the RUN example shown.
LIST •
IH BEK STATS CALC PBOGBAM. 29/10/78.
20 N = 0» S0=0l S1=0» S2=0
30 BEAD X
40 IF X»0 THEN 70
50 S0«S0*X
60 NsN+It SOTO 30
70 A “S0/N
75 PRINT ” NUMBER OF SAMPLES = ",t PRINT N
80 PRINT "ARITHMETIC MEAN * ",« PRINT A
90 RESTORE 
100 READ X .
110 IF X=0 THEN 150 
120 Y=X-A
130 S 1* S 1♦ABS<Y>I S2“S2+<Y*Y>
140 GOTO 100
150 M1«S1/N* M2=SQR<S2/N>
160 PRINT "MEAN DEVIATION « " , t PRINT Ml 
170 PRINT "STANDARD DEVIATION * ",l PRINT M2 
180 END
200 DATA 42.7,43.4,52.8,47.6,43.9,44.7,45.7,43.7 
9999 DATA 0
RUN
NUMBER OF SAMPLES * 8
ARITHMETIC MEAN * 45.5625
MEAN DEVIATION = 2.353125
STANDARD DEVIATION * 3.0902821
CUTS BASICS
READY
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PUBLICATIONS
The following publications have resulted from the work carried out 
during the courBe of this investigation of GaAs FETs.
I.E.E. Colloquium on ’Computer-orientated practices for Microwave 
Component design'. 3rd June, 1974.
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ON-LINE COMPUTER CORRECTION OP GALLIUM ARSENIDE FIELD-EFFECT 
TRANSISTOR MEASUREMENTS
H.E.G. Luxton
The correction of any microwave measurements involves characterising a 
number of known terminations over the frequency range of interest and 
using the measured characteristics of these terminations to determine 
error parameters of the measurement system.
This procedure is only practical over a swept frequency range if a computer 
is used to make the measurements required, determine the error parameters 
and then use these parameters to correct the measured parameters of 
unknown devices. At Harwick University a XDS -Sigma 5 computer is used 
on-line with a Hewlett-Packard (8410A) Network Analyser to determine the 
s-parameters of GaAs FETs and amplifiers.
l\»o computer programmes have been developed to characterise devices 
mounted on microstrip circuits or in test jigs. The simplest makes use 
of two short circuit and two through line calibration runs to determine 
the reference plane position and system gain correction factor for each 
s-parameter. this routine is quick, but suffers from limited accuracy 
and is only suitable for use at low frequencies. • For improved accuracy 
at frequencies up to X-band a 2-port full correction programme which 
requires 16 calibration runs is used.
The transistors to be characterised are mounted on alumina substrates 
with 50 oh™ input and output lines. To calibrate thé microwave system 
and the microstrip transistor mount a combination of microstrip and 
co—axial terminations are used. The transistor under test i B  then 
measured and a print out of the corrected s-parameters obtained. Various 
gain and stability parameters are calculated from the s-parameters, and 
printed out if required. Ibis latter data is particularly useful in 
comparing the potential amplifier performance of different devices. 
PleBsey Gallium Arsenide field-effect transistors with 1 micron gate 
lengths have been characterised over X-band using this B y s t e m .  lhe 
predicted gain of 6 dB at 11 GHz for these devices has been investigated 
by using tuning elements on the microstrip mount to realise the predicted 
matched parameters. Two such substrates gave gainB of 5-5 dB and 4«5 dB 
at 11.2 GHz.
When cascaded a gain of 9 . 0  dB was obtained; however, the measured 
s-parameters of the cascaded pair indicated that the output was not 
properly matched and predicted a gain of 12 dB. Subsequent adjustment 
of the output tuning resulted in a good output match with a gain of 1 1 . 5  ^B.
Good agreement between the predicted and measured gain parameters is 
observed; however, even with the full correction calibration some residual 
errors are observed in the s-parameters, particularly in the phase angles 
of 811 and 822* These errors are due to the imperfections of the
H.E.G, Luxton is with the University of Warwick
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calibrating terminations and variations in the device test substrates.
New ways of improving the system calibration and the test mounts are 
being investigated to facilitate the accurate s-parameter characterisation 
of stripline microwave devices.
(
Proceedings of the European Microwave Conference, Sept. 1974* 
Montreux.
GALLIUM ARSENIDE FIELD EFFECT TRANSISTORS - THEIR PERFORMANCE AND 
APPLICATION UP TO X-BAND FREQUENCIES
H.È.G. LUXTON
ABSTRACT
The microwave performance of GaAs FET's is reviewed and examples of 
their application in systems operating up to X-band frequencies discussed. 
Examples of amplifiers (one giving 42 dB gain at 11.2 GHz) and oscillators 
operating at frequencies hitherto unattainable by 2-port solid state 
devices are used to illustrate the performance and potential of GaAs FET’s 
in microwave systems.
DEVICE PERFORMANCE
Gallium arsenide field effect transistors with gate lengths of 1 pm 
or less are currently being produced in various laboratories throughout 
the World £lj- [3] • These devices exhibit cut-off frequencies in
excesB of 30 GHz and power gains of 10 dB at X-band frequencies. Such 
devices are now commercially available together with 2 pm and 4 pm gate 
length types suitable for operation up to C and L-band frequencies 
respectively.
these devices have been developed principally for small signal, low 
noise amplifier applications. At 10 GHz the noise figure -of 1 pm gate 
length device is typically 6  dB. At S-band 2 pm gate length devices give 
10 dB of gain with a 3 dB noise figure. Similar gains and noise figures 
are obtained from 4 pm devices at L-band.
MICROWAVE AMPLIFIER APPLICATIONS
At frequencies below 6 GHz the GaAs FET has to compete with bipolar 
microwave transistors and, although it requires more careful matching, 
the FET offers a number of advantages at frequencies down to L-band. These 
are :
1. Low noise figure and high gain
2. Low intermodulation and cross-modulation distortion
3» Large dynamic range
4« Ease of d.c. biasing, which simplifies the microwave circuit design
5 .  High radiation resistance and thermal stability since the device is 
unipolar.
The low noise and distortion of the GaAs FET has led to its use in 
amplifiers for S-band radar and L-band receiver systems. It is, however, 
at X-band frequencies that the GaAs FET is unique, being capable of 
yielding gains of 10 dB per device at 8 GHz with output power levels of 
approximately +10 dBm. The small variation of the device parameters with 
température results in slight changes in the gain of amplifiers as the
Allen Clark Research Centre, The Plessey Company Limited, Caswell, 
Towcester, Northants. NN12 8EQ
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ambient temperature varies. If thiB gain variation cannot be tolerated by 
the rest of the system it may be corrected by compensation of the d.c. 
bias conditions.
t a b u : I
GaAs PET MICROWAVE AMPLIFIERS
Description
Number and 
Gatelength 
of devices
Gain -1dB Bandwidth NoiseFigure
L-band lumped 
component 1 4 pm 15dB 700MHz - 900MHz 3dB
L-band distributed 
element 1 4 pm 1 2dB 1.3GHz - 1.6GHz 3.5dB
S—band distributed 
element 4 2 pm 30dB 2.7GHz - 3.1GHz 3.7dB
C-band distributed, 
tuned 2 1 pm 15dB 5.8GHz - 6.4GHz 7.5dB
X-band distributed, 
tuned 3 1 pm 20dB 11.0GHz - 11.5GHz 12dB
The performance of a range of GaAs PET amplifiers is listed in Table 
I. All the devices were operated with zero gate and +5 volts drain-BOurce 
bias. The amplifiers were optimised for gain and frequency response and 
the noise figures are those of the completed amplifier including input 
isolator, when used.
The L— and S—band amplifiers were designed using the measured s— 
parameters of the PET's to determine the characteristics of the matching 
networks required. At X—band frequencies there are problems in accurately 
measuring s-parameters and also in realising specific matching networks on 
alumina microBtrip circuits. To avoid these difficulties X-band amplifier 
modules have been produced By using a tuning technique. This requires 
virtually no circuit design and no precise s-parameter data for the devices 
being used.
\
à
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in 11.2 GHz amplifier module constructed using this technique is 
shown in Figure 1. three 1 pm gate length devices mounted on discs 
attached to the ground plane of the alumina substrate are interconnected 
by lengths of 50 ohm microstrip lines. GaAs chip capacitors at the ends 
of these lines isolate the d.c. bias which is applied via bond wires from 
the microstrip bias "tees", the resistive film attached to the gate bias 
networks introduces loss at out of band frequencies hence stabilising the 
devices and preventing low frequency oscillation. Metal discs are 
positioned on the 50 ohm interconnecting lines to obtain the required gain 
response. When the optimum response has been achieved the discs are 
permanently fixed to the substrate.
This versatile method of construction is ideally Buited to producing 
prototype amplifiers amplifiers and for evaluating devices. It iB quick, 
cheap, and tolerant of device parameter variations, yet capable of realis­
ing the full potential of the FET*s being used.
Figure 2 Figure 3
42 dB Gain
11.2 GHz GaAs FET amplifier 11.2 GHz amplifier gain
response
A prototype 42 dB gain 11.2 GHz amplifier has been developed for a 
satellite repeater application which uses two timed modules, Figure 2.
The gain response of this amplifier is shown in Figure 3 and other 
parameters are listed in Table II. This amplifier has no provision for 
compensating the small gain variation with temperature.
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t a b u : il
11.2 GHz AMPLIFIER PERFORMANCE
Centre frequenoy 11.18 GHz
Bandwidth at -1 dB points 260 MHz
Gain ) . „„o_ 
Noise figure ) at 20 C
42 dB 
13.5 dB
Input and Output VSWR’s 1.5
Gain variation 7°C - 35°C - 1.2 dB
Third order intermodulation 
level at output for two equal 
carriers at input of -50 dBn 
each
- 40 dB
Output power level 8.5dBn
A three module amplifier of similar performance hut incorporating a 
thermistor circuit to control the negative gate hias applied to the first 
module has also been produced, Figure. 4* this reduces the gain variation 
with temperature to less than 1 dB total with the minimum gain occurring 
at 20 C.
OTHER APPLICATIONS
Hie CaAs FET can be uped in microwave oscillator circuits. Pre­
liminary designs at L- and X-band have given output powers of 10 mW and *
5 mW with efficiencies of 20^ and 10jt respectively. Because the FET is a ' 
high impedance device, it does not lower the Q of the oscillator resonant 
circuit hence signals of good spectral purity are obtained. '
At 8-band the performance of 2 urn gate length devices as' mixers has 
also been examined. [4]
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CONCLUSION
v It has been shown that GaAs FET's may be used to produce high gain,
low noi-se microwave amplifiers, suitable as solid state replacements for 
\ travelling wave tube and other conventional amplifiers in microwave 
* systems.
*
A novel method of constructing X-band amplifier modules and compen­
sating the gain variation with temperature has been presented.
I;
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THE PERFORMANCE AND APPLICATION OF GaAs F.E.T.s
H. E. G. Luxton
Gallium arsenide field effect transistors having cut-off frequencies in 
excess of 30 GHz and power gains of 10 dB at X—band frequencies are now available.
For the first time it is possible to produce small signal solid state X-band 
amplifiers using these FETs with advantages in performance over alternative forms 
of amplifier. The reliability and output power level far exceeds that of tunnel 
diode amplifiers. The gain variation with temperature is much less and can be 
easily compensated compared to solid state reflection type amplifiers. The weight 
and d.c. power requirements of FET amplifiers are less than travelling wave tube 
and other conventional microwave amplifiers.
These points are illustrated by the results obtained with amplifiers which 
were developed for a satellite repeater application. One consisted of two 
modules each containing three FETs and gave an overall gain of 42 dB at 11.2 GHz 
with an unoptimised noise figure of 13*5 dB. Other results for this amplifier 
will be presented.
The gain variation with temperature has been reduced in a three module 
amplifier of similar performance by incorporating a thermistor circuit to control 
the negative gate bias applied to the first module. This reduces the gain vari­
ation with temperature to less than 1 dB total with the minimum gain occurring 
at 20 C.
These X-band amplifier modules were produced using a tuning technique which 
avoids the problems in accurately measuring the FET s-parameters • and realising 
specific matching networks on alumina microstrip circuits. These difficulties 
have since been extensively investigated and single stage X-band amplifier 
designs derived from the measured device s-parameters are being successfully 
realised.
Although it is at X-band frequencies that the GaAs FET is unique, it is 
being increasing used in low noise amplifiers at frequencies down to L-band.
At frequencies below 6 GHz the GaAs FET has to compete with bipolar microwave 
transistors and, although it requires more careful matching the FET offers a 
number of advantages, notably low noise and low distortion performance.
The performance of a range of GaAs FET amplifiers is listed in Table 1.
All the devices were operated with zero gate and +5 volts drain-source bias.
The amplifiers were optimised for gain and frequency response and the noise 
figures are those measured'.for the completed amplifier including input isolator, 
when used.
Allen Clark Research Centre, The Plcssey Company Limited, Caswell, Towccster, 
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Tabic l. GaAs FET Microwave Amplifiers
Description
Number and 
Gatelength 
of devices
Gain -ldB Bandwidth NoiseFigure
L-band lumped 
component
1 4 Jim 15dB 700MHz - 900MHz 3dB
L-band distributed 
element
1 4 Jim 12dB ' 1.3GHz - 1.6GHz 3-5dB
S-band distributed 
element
4 2 jim 30dB 2.7GHz - 3-lGHz 3-7dB
C-band distributed 
tuned
2 1 jim 15dB 5.8GHz - 6.4GHz 7-5dB
X-band distributed 3 1 Jim 20dB 11.0GHz - 11.5GHz 12dB
In addition to it's amplifier application, the performance of the GaAs FET 
in low power oscillator and mixer circuits is being Investigated. GaAs FET 
oscillators operating at 3GHz giving output powers of 25 mW with efficiencies 
3 0 %  have been produced and the development of a high efficiency X-band 
oscillator suitable for local oscillator applications is proceeding.
(
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APPLICATIONS OF AN OH-LINE COMPUTER IN MICROWAVE INSTRUMENTATION
H.V. Shurnsr, H.E.G. Luxtcn and Catherine A. Stoneman
Introduction
In May 1968 R.A. Hackborn descrioed in outline the f irs t  automatic network 
analyser systeinU). This cue was almost immediately taken up at Warwick 
University, from whom a contribution on the subject was published in May 
1969(2). in November of the following year results for two systems 
already tried out at Warwick were presented at a London conference(3).
Automatic network analyser measurements are now playing a major role in 
both national and international calibration work using packaged systems 
which include the computer^). At Warwick, meanwhile, we have continued 
to develop systems based on computers intended for process control which 
are available within the University Engineering Department, in conjunction 
with an assemblage of separate component items centred around the Hewlett- 
Packard network analyser Type 8410. This was at f ir s t  a severe limitation, 
as the only computer then available required to be prograr.ir.ed in machine 
language and had limited peripherals. Seme four years ago, however, an 
XDS Sigma 5 control computer became available within the Engineering 
Department, which offered fa c ilit ie s  far superior to those of the packaged 
computers referred to above. This improved fa c ility  has been continuously 
employed for microwave instrumentation work over the past four years. Fig. 
1 shows a photograph of the microwave network analyser system.
The main activities to date have been based on the computer correction of 
microwave measurements and we shall confine our paper to this subject, 
although the work is currently being extended into the area of computer- 
aided design. With computer correction, errors inherent in the system, 
together with those arising from transitions, mounting arrangements, etc., 
are f ir s t  stored in the computer during a series of preliminary calibration 
runs, in which standard terminations are used, such as a short-circuit or a 
matched load(5)(6)(7). During these preliminary runs, the corresponding 
reflection or transmission coefficients, as measured by the network 
analyser, are stored by the computer for a succession of precise frequency 
steps ever a pre-selected bandwidth. Since their true impedances are 
accurately known, from these stored values the sum of errors at each 
frequency can be computed. Subsequent runs, using test pieces to be 
characterised, are carried out at. the same precise frequency steps. The 
computer errors, stored at the time of the calibration runs, can ba sub­
tracted from the measured data to give a corrected output stepped over the 
entire predetermined bandwidth.
The Sigma 5 computer fu lf ils  three basic requirements in the system, viz:
1. Control of the measurement procedure
2. Storage and processing of data to obtain the corrected results
3. Presentation of output data
The computer perforais operations as instructed by the operator via a V.D.U.
The authors are at Warwick University, Engineering Depar taint.
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(Visual Display Unit) with an input keyboard. The network analyser is 
sited remotely from the computer and a limited number of data or control 
channels (10) are available for sharing between individual units, apart 
from the separate V.D.U. channels. This restriction has necessitated 
multiplexing of some of the lines.
Control of the Network Analyser
Upon receipt of the appropriate command, the computer selects the s-para- 
meter corresponding to the desired reflection or transmission measurement. 
It then sets the frequency and reads the output from the network analyser. 
These functions require the interface units illustrated in Fig. 2, which 
shows a block diagram of the present system arrangement.
The s-paramete** selector circuit interprets the level of an analogue volt­
age as a 3-bit binary word, required by the s-parameter test set. By this 
procedure a single analogue line serves for three digital lines.
Control of the multiplexed sweep oscillator is achieved via both the R.F. 
unit selector and the precision programmable voltage source. The former 
operates on a principle similar to that of the s-parameter selector in 
that a 4-bit binary word required to select one of three R.F. units is 
generated from a single analogue voltage. The programmable voltage source 
controls the output frequency of the selected R.F. unit. To facilitate  
this, the normal ramp tuning voltage has been removed and instead the 
programmable voltage source supplies a voltage which can be increased 
progressively in steps of 1 mV over the range 3 V to 73 V, corresponding 
to the fu ll frequency range of each of the R.F. units. Each step of volt­
age is determined by calibration data'stored in the computer. Three 
separate lines from the computer are required for the operation of this 
unit. These respectively provide in itia lization, output and cancellation 
of the tuning voltage.
Once a particular frequency is set up i t  is  read by the automatic 
frequency counter. The reading may be fed back to the computer along a 
single channel by converting the counter output from eight parallel bits 
into serialized form. A second channel 1s used to carry both positive and 
negative analogue voltages, which serve either as clock pulses for the 
serializer or control instructions for the counter. A detailed schematic 
circuit of the interface units is shown in Fig. 3.
The output from the network analyser to the computer comprises two 
analogue voltages, corresponding to the real and imaginary parts of the 
parameter measured, which are transmitted via buffer amplifiers. The 
latter serve to improve the signal to noise ratios at the analogue inputs 
of the computer.
In the present system, nine of the ten available channels are employed. 
Work is however proceeding on the introduction of a phase-locked loop 
system to improve both the frequency accuracy and frequency stability of 
the microwave sources. This will require at least two channels and, to 
keep the total number within the ten available, the inputs to the 
programmable voltage source will be multiplexed.
Introduction of the phase-locking system can be expected to result in an 
extension of the measurement read times, since a fin ite  time is required
at each frequency step for the locking to occur. At present the interval 
between each measurement is 0.3s and the pause at the start of each sweep 
over the frequency bandwidth is 2s. This is  just sufficient to allow a ll 
transient effects in the system to have died away by the time each set of 
readings from the network analyser is transmitted to the computer. The 
present total time for automatic measurement of the four s-parameters of 
a two-port device over 50 frequency steps is 100s.
Programming
The Sigma 5 computer was recently extended to have 32 K storage capacity, 
which is  backed by a R.A.D. (rapid access disc) of 1.5 Megabytes, each 
byte being a quarter of a 32-bit computer word. The core storage is 
divided between foreground and background areas. Tasks in the foreground 
area are executed according to a priority  interrupt system, the background 
being used for batch processing.
Programming for the Sigma 5 is in Fortram T7 and for present purposes the 
programme is  written as a series of subroutines. Preparation is on 
punched cards, followed by transfer to magnetic tape. The user controls 
the programme by means of a series of questions or instructions together 
with answers or responses, the former being posed on the V.D.U. and the 
operator replying via the keyboard. A typical question would be: “Length 
of off-set short circuit?” and a typical instruction: “Connect short 
circuit at Port 1“. In either case the programme is arranged so that the 
computer waits until a suitable reply has been received before proceeding. 
There are four main sections to the programii'e:-
1) In itialization. This part poses a series of questions to the 
operator, so as to allow the setting of the environment for the 
particular run, including calibration options and frequency ranges.
2) Calibration. The operator is requested to connect a series of
standard terminations. Measurements for each termination are then 
made over the specified frequency ranges and the results stored by 
the computer, ,
3) Measurement, Correction and Display. On completion of the ca li­
bration procedures the operator is requested to connect the D.U.T. 
(device under test). This is then measured, the results corrected 
in accordance with the calibration data and displayed either 
graphically on the V.D.U. or in tabular form via the line printer. 
This stage may be repeated for any number of D.U.T.'s.
4) Task. This section allows fle x ib ility  in running the programme.
A l is t  of options is offered which permit parameters to be changed, 
calibration data to be re-read and basic sequences to be re-entered 
at various points. A fa c ility  is provided whereby the results may 
be dumped on to magnetic tape in a "photographic" manner, i.e . a 
complete image of the data store is copied. This can be re-loaded, 
remotely from the network analyser system, enabling fa c ilit ie s  to be 
used which core limitations have precluded from the main programme, 
thus permitting more sophisticated graphical plots or tabulations of 
results.
A considerable degree of overlaying has now been incorporated into the
programme, so as to facilitate  its use in a time-sharing environment, by 
reducing the core storage employed and allowing extended running time. To 
th is  end the programme its e lf  has been written as a series of subroutines 
arranged into a hierarchical structure of control and functional parts. 
This arrangement is  also desirable in allowing greater flex ib ility  in the 
content of the programme, which is  demanded by the research environment in 
which i t  finds its  application. One specific example is the ab ility  to 
substitute one calibration routine for another, dependent on the partic­
ular circuit environment of the D.U.T.
The overlay structure enables the programme to be operated within 8 K of 
core store-, including a section reserved as data store. The main control 
or root section branches into four sub-sections:-
a) Calibration and Reading Control. Calls correction and reading 
routines.
b) Line Printer Routine. Available for tabulated results.
c) V.D.U. Display Control. Calls graph plotting routines.
d) Initialization and Task Control. Calls data set-up, in itia lization , 
tape dumping routines, etc.
Application to the Measurement of Microwave F.E.T.*s
The major application of the fa c ility  so far has been in the development 
of microwave fie lu-effect transistors for use in microstrip transmission 
lines. Accurate measurements would be impossible without such a system 
of correction because of the d ifficu lties  of characterising the trans­
itions to the transistor mounts. The labour arid time involved in 
attempting such measurements without computer aid would be prohibitive.
In addition to the general advantages, the system offers some especially 
attractive features in relation to the characterisation of F .E .T .'s . For 
instance, the effects of cross-coupling between ports of the test fixtures 
may be eradicated. This is particularly advantageous in measuring the 
reverse transmission, which is very small but important in relation to 
stab ility . The definition of reference-plane positions is facilitated, a 
provision of extreme value when using asymmetric mounts or a coaxial 
“flexible arm“. Rapid comparison of D.U.T.'s is facilitated by the 
addition of subroutines to calculate gain and stability, which presents 
l i t t le  problem with the present programme structure.
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